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Field of the Invention 

The present invention relates to methods for the construction and expression of 
multiple cytokine protein complexes and their compositions. More specifically, the 
invention relates to fusion proteins composed of multiple cytokines and a targeting 
component, and methods of using the same for the treatment of diseases such as cancer 
and viral infection. 

Background of the Invention 

The regulatory networks controlling the immune system rely on secreted protein 
signaling molecules termed cytokines to turn on and off the functions of immune cells as 
well regulate their proliferation. These responses generally involve multiple cytokines 
that act in concert to achieve the desired biological effect. Certain cytokines such as 
interleukin-2 (IL-2) can induce immune cell proliferation by themselves and can activate 
other functions including secondary cytokine secretion. Another cytokine, interleukin-12 
(IL-12) [reviewed by Trinchieri, 1994, Blood 84:4008-4027], can induce proliferation of 
certain immune cells and induce another key immune modulator, interferon-y (IFN-y). 
This induction of IFN-y is a key activity of IL-12, although IL-12 has other important 
activities that are IFN-y independent. Since IL-12 itself is induced at an early stage in 
infectious disease situations, it is thought to link the innate and acquired immune 
systems. 

Many in vitro studies with both mouse and human immune cells have shown the 
importance of cytokine combinations in the development of optimal immune responses. 
For example, most T cells do not express IL-12 receptors (IL-12R) until they have been 
activated with mitogens or cultured in high concentrations of IL-2 [Desai et al. (1992), JV 
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Immunol. 148:3125-3 1 32]. Once the receptors are expressed, the cells become far more 
responsive to IL-12. Furthermore, IL-12 induces IFN-y transcription, but IFN-y mRNA is 
degraded shortly thereafter. In the presence of IL-2, the mRNA is stabilized, resulting in 
a dramatic increase in the amount of IFN-y produced [Chan et al. (1992) J. Immunol. 
148:92-98]. In other studies, it was found that the cytokine combinations IL-3 plus TL-11 
or JL-3 plus Steel Factor had a synergistic effect with IL-12 on the proliferation of early 
hematopoietic progenitor cells [Trinchieri, 1994; cited above]. The combination of 
interleukin-4 and GM-CSF is particularly useful in stimulating dendritic cells (Palucka et 
al. [1998] J. Immunology 160:4587-4595). For stimulation of the cell-mediated immune 
response, it is also useful to combine IL-12 with IL-18, a recently discovered Thl- 
promoting cytokine with some activities that are complementary to IL-12 (Hashimoto et 
al. [1999] J. Immunology 163:583-589; Barbulescu et al. [1998] J. Immunology 
160:3642-3647). In addition, IL-2 and interferon-y are synergistic in certain 
circumstances [Palladino, M. A., U.S. Patent No. 5,082,658]. 

In many of these synergy studies it was found that the relative level of each 
cytokine was very important Whereas the addition of IL-12 in the presence of 
suboptimal amounts of IL-2 led to synergy in the induction of proliferation, cytolytic 
activity and IFN-y induction, combinations of IL-2 and IL-12 using a high dose of one 
cytokine were found to be antagonistic [Perussia et al, J. Immunol. 149:3495-3502 
(1992); Mehrotra et al., J. Immunol. 151:2444-2452 (1993)]. A similar situation also 
exists in combinations of ILA2 and IL-7- 

Synergy studies between IL-12 and other cytokines for the generation of anti- 
tumor responses in mice have also shown mixed results. In some models synergy was 
seen at suboptimal doses of each cytokine and higher doses led to enhanced toxicity, 
while in other models, combinations of IL-12 and IL-2 showed little or no synergy [see, 
for example, Nastala et ah, J. Immunol. 153:1697-1706, (1994)], These results may 
reflect the inherent difficulty of combining two potentially synergistic agents in vivo, 
especially when there is the need to maintain a fixed ratio of activities of two agents with 
different pharmacological properties, such as different circulating half-life and 
biodistribution. 



In in vitro cell culture experiments, it is straightforward to control cytokine levels, 
but many factors can affect the relative biodistribution and localization of cytokines in 
vivo, thus affecting their immunostimulatory capacity. The most important of these 
factors is the half-life. The half-life of IL-2 in the circulation after bolus injection is 
approximately 10 minutes. In striking contrast to these pharmacpkinetic. properties, the. 
circulating half-life of IL-12 has been reported to be >3 hr in mice [Wysocka et al (1995) 
Eur. J. Immunol. 25:672] and from 5-10 hr in humans [Lotze et al. (1996) Ann NY Acad 
Sci 795:440-454]. 

This difference is thought to be due to the relatively small sizes of both IL-2 and 
GM-CSF (15-25 kD vs. 75 kD for IL-12), allowing IL-2 and GM-CSF to be cleared by 
renal filtration. Proteins with a molecular weight of less than about 50 kD are cleared by 
renal filtration. Almost all cytokines are smaller than 50 kD and undergo similar, rapid 
clearance by renal filtration. When treatment with two such small, rapidly cleared 
cytokines is desired, it is sufficient to simply co-administer the cytokines. However, co- 
administration is not optimal for cytokines with significantly different half-lives. 

The systemic administration of cytokines is difficult due to their deleterious side 
effects. For example, high levels of Interferon-alpha result in significant side effects, 
including skin, neurologic, immune and endocrine toxicities. It is expected that multiple 
cytokine fusions might show particularly serious side effects. 

To reduce side effects of systemic administration of cytokines, one strategy is to 
fuse a cytokine to a second molecule with targeting capability. Fusions in which an Fc 
region is placed at the N-terminus of a another protein (termed 'immunqfusins' or Tc-X' 
fusions, where X is a ligand such as Interferon-alpha) have a number of distinctive, 
advantageous biological properties [Lo et al., U. S. Patent Nos. 5,726,044 and 5,541,087; 
Lo et al., Protein Engineering 1 1 :495]. In particular, such fusion proteins can still bind to 
the relevant Fc receptors on cell surfaces. However, when the ligand binds to its receptor 
on a cell surface, the orientation of the Fc region is altered and the sequences that mediate 
antibody-dependent cell-mediated cytotoxicity (ADCC) and complement fixation appear 
to be occluded. As a result, the Fc region in an Fc-X molecule does not mediate ADCC 
or complement fixation effectively. The cytotoxic effect due to the fusion of an N- 
terminal cytokine and a C-terminal Fc region is well known. For example, fusion of IL-2 



to the N-terminus of an Fc region creates a molecule that is able to bind to cells bearing 
the IL-2 receptor, fix complement, and lyse the cells as a result [Landolfi, N. F. (1993) 
U.S. PatentNo. 5,349,053]. In contrast, Fc-IL-2 fusion proteins do not have this property. 
Thus, Fc-X fusions are expected to have the virtues of increased serum half-life and 
relative concentration in the liver, without th.e deleterious effects.of ADCC and . 
complement fixation. 

It has been demonstrated that many different proteins with short serum half-lives 
can be fused to an Fc region in an Fc-X configuration, and the resulting fusions have 
much longer serum half-lives. However, the serum half-lives of two different Fc fusions 
will not generally be identical. Thus, when delivery of two different X moieties is 
desired, co-administration of two different Fc-X proteins will not generally be optimal. 

Under some circumstances, a better approach is to target the effect of the cytokine 
to a cell surface antigen by fusing it to an antibody (or fragment derived therefrom) 
having specificity and affinity for that antigen (Gillies, U.S. Patent No. 5,650,150; Gillies 
et al., Proc. Natl. Acad. Sci. 89:1428) or by linking a protein antigen and stimulatory 
cytokine via a peptide linkage in the form of a fusion protein (Hazama et al, Vaccine 
1 1 :629). While antibodies themselves can increase the half-life of a fused cytokine, there 
are still differences between different cytokine fusions with the same antibody [see, for 
example, Gillies et al., Bioconjugate Chem. 4:230-235 (1993); Gillies et al., J. Immunol. 
160:6195-6203] that would make co-localization at a target site difficult. As discussed 
above, this could lead to an imbalance in cytokine activities and decrease the desired 
synergistic effects. In addition, the use of two different fusion proteins requires testing 
each fusion separately for its safety and effectiveness profile, and then further testing as 
mixtures. 

Summary of the Invention 

The present invention provides complexes or fusions between two or more 
different cytokines, which are useful for general as well as targeted immune therapy. 
These complexes or fusions optionally include other protein moieties. One feature of 
such complexes or fusions is that they provide the activities of the component cytokines 
in a fixed ratio. 



Generally, the invention relates to a protein complex containing at least two 
different cytokines, the cytokines could be in the same polypeptide chain or connected 
by a covalent bond such as a disulfide bond or a bond formed by chemical crosslinking. 
Alternatively, the cytokines could be in a stable, non-covalent association. In some 
. preferred embodiments, , the protein complex comprises a targeting moiety* such as .an 
antibody or antibody fragment^ that targets the complex to a locus in a mammal, 

In a preferred embodiment, the invention provides a protein complex combining 
the bioactivity of a two-chain cytokine, such as IL-12, with that of a second cytokine. 
The cytokines may be covalently bonded (e.g. fused) to each other. The cytokines may 
also be associated through other moieties. For example, the polypeptide chain containing 
the second cytokine could include a binding moiety that specifically binds IL-12, such as 
an antibody to IL-12 or a receptor to IL-12. Alternatively, the binding moiety could 
interact with a second moiety that is associated with the IL-12. For example, if a 
polypeptide chain encoding a subunit of IL-12 also includes avidin, the polypeptide 
containing the second cytokine may include biotin as a targeting moiety. In one preferred 
embodiment, the second cytokine is IL-2. 

The invention provides methods for the production of fusion proteins of IL-12 
that maintain both IL-12 activity and that of the second cytokine, while providing a 
longier, single pharmacokinetic behavior, similar to that of IL-12 itself, that increases the 
duration of the activity of the second cytokine and maintains the balance of activities of 
the two cytokines after injection into an animal. 

In another embodiment of the invention, the fusion proteins comprise a 
heterodimeric form of IL-12 in which the p35 and p40 subunits of IL-12 are linked by a 
disulfide bond and covalently bonded to a second cytokine at either the amino or 
carboxyl terminus of the p35 or p40 subunit of IL-12 with the general formula IL-12-X or 
X-IL-12, where X is a second cytokine. 

In another embodiment of the invention, the fusion proteins comprise a second 
cytokine covalently bonded at either the amino or carboxyl terminus to a single-chain (sc) 
form of IL-12 comprising the two polypeptide subunits joined via a flexible peptide 
linker with the general formula scIL-12-X or X-scIL-12. 



In yet another embodiment, two cytokines are further fused to a protein capable of 
forming a dimeric or multimeric structure, at either the amino or carboxyl terminus of 
said protein chain. In a preferred form of this embodiment, one of the fusion protein 
forms of IL-12 with a second cytokine is further fused to a portion of an immunoglobulin 
(Ig) chain, such as the Fc region,- that is capable of dimerization. Further embodiments . 
include fusion of at least one polypeptide chain of IL-12 at either. terminus of a portion of 
an Ig chain and a second cytokine fused at the other terminus. 

In another embodiment, two or more cytokines are fused to a protein with 
targeting capability by virtue of binding to a specific receptor. For example, an Fc region 
is capable of binding to Fc receptors, which are abundant in the liver. Fusions of an Fc 
region with multiple cytokines illustrate the advantages of both dimerization and 
targeting, but in some circumstances it is useful to construct fusions of multiple cytokines 
that have only multimerization or targeting capability, but not both capabilities. 

In yet another embodiment, a fusion protein comprising multiple cytokines is 
further fused at either the amino or carboxyl terminus to a member of a class of 
molecules with diverse targeting capability, such as an antibody or a peptide aptamer 
with or without a scaffold (Colas et al. [1998] Proc Natl Acad Sci USA. 95:14272-7). A 
particular embodiment is the fusion of multiple cytokines to at least a portion of an 
antibody capable of binding an antigen, such as an intact antibody, a single-chain 
antibody, or a single-chain Fv region. Further embodiments include fusions of at least 
one polypeptide chain of IL-12 at either terminus of at least a portion of an antibody 
chain that is capable of binding an antigen, and a second cytokine fused at the other 
terminus. 

According to the above descriptions, it is generally preferred to construct multiple 
cytokine fusion proteins and multiple cytokine-antibody fusion proteins by genetic 
engineering techniques, such that the component proteins are linked by covalent bonds 
such as amide bonds or disulfide bonds. However, it is also useful to use chemical cross- 
linkers to construct such protein complexes. Such methods are well established in the art 
of protein chemistry. Alternatively, it is sometimes sufficient to generate protein 
complexes by fusing different cytokines with partner proteins that form stable non- 
covalent complexes. For example, a non-covalent heterodimer support protein is used: a 



first cytokine is fused to one subunit of the heterodimer, a second cytokine is fused to a 
second subunit of the heterodimer, and the two fusion proteins are mixed under 
appropriate conditions. For example, nucleic acids encoding the two subunit-cytokine 
fusion proteins are expressed in the same cell. In this way, a multiple cytokine protein 
complex may be- constructed in which the component cytokines are not covalently linked, 
directly or indirectly. To achieve the purpose of the invention, it is necessary that such a 
complex is stable enough to be maintained upon administration of an animal and achieve 
a biological effect. 

The invention also provides nucleic acids that encode fusion proteins comprising 
two or more cytokines, where one of the cytokines is preferably IL- 12 and the fusion 
protein encoded by the nucleic acid optionally includes other protein moieties. Preferred 
embodiments include nucleic acids that encode fusions of two or more cytokines to a 
dimerizing protein, such as an Fc portion of an antibody chain. Another set of preferred 
embodiments are nucleic acids that encode fusions of two or more cytokines to a protein 
with targeting capability, such as an antibody. 

The invention also provides methods for construction of fusions of two or more 
cytokines, as well as methods for expression of such fusion proteins. 

The invention also provides methods for treatment of diseases and other medical 
conditions, in which treatment involves the useful combination of the activity of two or 
more proteins. In one embodiment, at least one of the proteins has a short (e.g. less than 
20 minutes) or only moderately long (e.g. less than 40 minutes) serum half-life. The 
proteins are fused by genetic engineering or other techniques and administered to a 
human or animal. In this way, the activities of the two proteins are present in a fixed 
ratio, and separate administrations on different dosing schedules of the two proteins are 
not required. In addition, the serum half-life of the fusion protein will generally be more 
similar to that of the protein component with the longer serum half-life, thus lengthening 
the effective half-life of the protein or proteins with the shorter serum half-life. 

More specifically, the invention provides methods of immune-therapeutic 
treatment of diseases, such as cancer or infections or other diseases, that might be 
usefully treated with a two-chain cytokine such as IL-12 in combination with a second 
cytokine. In a preferred embodiment, IL-12 is fused with IL-2 or GM-CSF and 



administered to an animal or human. In other preferred embodiments, GM-CSF is fused 
to IL-4 and administered to an animal or a human. In another embodiment, IL-12 is 
fused to IL-18 and administered to an animal or a human. Such treatments can be used in 
combination with other disease treatments. In addition, the invention provides methods of 
vaccination.against diverse antigens., which can be used to prevent or treat various 
diseases. 

In other embodiments of these methods, two different cytokines are fused to a 
dimeric protein moiety, such as the Fc region of an antibody, and are administered to an 
animal or human. In a preferred form of these methods, the cytokine IL-12 is fused to the 
Fc region along with a second cytokine that is more preferably IL-2 or GM-CSF. 

In yet other embodiments of these methods, two different cytokines are fused to 
an intact antibody, and are administered to an animal or human. In a preferred form of 
these methods, the cytokine IL-12 is fused to the antibody moiety along with a second 
cytokine that is more preferably IL-2 or GM-CSF. The invention also discloses 
mixtures of antibody-cytokine fusion proteins that are useful in treating diseases. In one 
embodiment, a mixture of an antibody-IL-2 fusion protein and an antibody-IL-12 fusion 
protein is used to treat disease. For example, cancer, viral infection, or bacterial infection 
is treated. 

Brief Description of the Drawings 

The preceding and other objects of the present invention, and the various features 
thereof, may be more fully understood from the following descriptions, when read 
together with the accompanying drawings. Throughout the drawings, like numbers refer 
to like structures. 

Figure 1 A schematically illustrates the fusion of two cytokines in its simplest 
form: one cytokine is fused to a second cytokine, optionally through a linker. Figures 
IB- II show various ways in which a second cytokine (labeled 'cyt') may be attached to 
the heterodimeric cytokine IL-12. Specifically, the second cytokine can be fused to the 
C-terminus of p40 (Figure IB), the N-terminus of p40 (Figure 1C), the C-terminus of p35 
(Figure ID) or the N-terminus of p35 (Figure IE). In addition, Figure 1 shows how a 
second cytokine may be fused to a single chain version of IL-12. Specifically, single 



chain IL-12 molecules may have p35 N-terminal to p40, with the second cytokine at the 
C-terminus (Figure IF) or the N-terminus (Figure IG). Alternatively, single chain IL-12 
molecules may have p40 N-terminal to p35, with the second cytokine at the C-terminus 
(Figure 1 H) or the N-terminus (Figure II). 

Figures 2A-2G schematically show how multipte-cytokine fusions (boxed) - 
depicted in Figure 1 may be further fused to an Fc region of ah antibody, shown here as a 
hinge (H), a CH2 domain and a CH3 domain (ovals). Specifically, any of the eight 
molecules of Figure 1 may be fused to either the C-terminus (Figure 2 A) or N-terminus 
(Figure 2B) of the Fc region. In addition, the first cytokine and second cytokine (each 
boxed) need not be directly attached to each other, but can be connected through the Fc 
moiety (Figure 2C). 

Figures 3A-3G schematically show a subset of the ways in which a multiple 
cytokine fusion protein may be further fused to an intact immunoglobulin such as an IgG. 
The heavy chain V region is shown as an oval labeled Vh, the light chain V region is 
shown as an oval labeled Vl, and constant regions are blank ovals. A multiple cytokine 
fusion, as illustrated in Figure 1, may be placed at the C-terminus of the heavy chain 
(Figure 2A), the N-terminus of the heavy chain (Figure 2B), the N-terminus of the light 
chain (Figure 2C), or the C-terminus of the light chain (Figure 2D). In addition, there are 
many ways in which a first and second cytokine could be separately attached at the N- 
and C-termini of the heavy and light chains; three of these are shown in Figures 3E-3G. 

Figures 4A-4C schematically show how a first cytokine and a second cytokine 
may be fused to a "single-chain" antibody in which the variable light and variable heavy 
chains are fused, and the protein is expressed as a single polypeptide that then 
homodimerizes. Specifically, a multiple cytokine fusion may be placed at the C-terminus 
(Figure 4A), or the N-terminus (Figure 4B). In addition, the a first cytokine and second 
cytokine need not be directly attached, but can be connected through the single-chain 
antibody moiety (Figure 4C). 

Figures 5A-5C schematically show how a first cytokine and a second cytokine 
may be fused to a single-chain Fv region consisting of the fused variable regions from a 
heavy chain and a light chain. Specifically, a first cytokine-cytokine fusion may be 
placed at the C-terminus (Figure 5A), or the N-terminus (Figure 5B). In addition, the first 



cytokine and second cytokine need not be directly attached, but can be connected through 
the single-chain Fv moiety (Figure 5C). 

Figures 6 A and 6B show the synergy between IL-12 and IL-2 in the induction of 
IFN-y by human peripheral blood mononuclear cells (PBMCs) in response to the separate 
cytokines or fusion proteins. In Figure 6A, cells were treated with human IL-12 before . 
(squares) or after phytohemagglutiriih activation (X's), { or with IL-12-IL-2 fusion protein- 
before (diamonds) or after phytohemagglutinin activation (triangles). Figure 6B shows 
an experiment in which cells were treated with a mixture of IL-12 plus IL-2 added in a 
1:1 molar ratio (black diamonds), human Fc-IL-12-IL-2 fusion protein (gray squares), 
and human antibody-IL-12-IL-2 fusion protein (light gray triangles). The X axis 
indicates the concentration of IL-12 in pg/ml, whether present as an intact protein or as a 
fusion protein. The y-axis indicates IFN-y concentration (in ng/ml), which was assayed 
by ELISA. 

Figure 7 shows a typical IL-12 bioassay that separately measures activity of a 
fusion protein and compares it to that of a non-fused IL-12 molecule. What is depicted is 
the stimulation of 3 H-thymidine uptake of human PBMCs in response to murine IL-12 
(white circles), to a mixture of murine IL-12 plus IL-2 added in a 1 : 1 molar ratio (black 
squares), to murine IL-2 (white triangles), and to an antibody-murine IL-12-IL-2 fusion 
protein (black diamonds). The X axis indicates the concentration (pM) of monomeric 
cytokine(s), whether present as an intact protein or as a fusion protein; the y-axis 
indicates cpm of tritiated thymidine incorporation. 

Figure 8 shows a standard IL-2 bioactivity assay. The graph shows the 
stimulation of mouse CTLL cell proliferation, in response to murine IL-2 (circles), to an 
antibody-murine IL-12-IL-2 fusion protein (diamonds), and murine IL-12 (squares). The 
x axis indicates the concentration (pM) of monomeric cytokine(s), whether present as an 
intact protein or as a fusion protein. Cells were incubated in medium containing various 
amounts of cytokine or fusion protein for 48 hours, then assayed for viable cell number 
using the MTT/MTS assay. The y-axis indicates the absorbance at 490 nanometers in 
units of optical density (OD). 

Figure 9 shows the stimulation of 3 H-thymidine uptake by human PBMCs in 
response to murine IL-12 (white circles), to a mixture of murine IL-12 plus IL-2 added in 
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a 1:1 molar ratio (black circles), to a murine Fc-single-chain-IL- 1 2-IL-2 fusion protein 
(black triangles), and to murine single-chain IL-12 fused to murine IL-2 (black 
diamonds). The x axis indicates the concentration (pM) of monomelic cytokine(s), 
whether present as an intact protein or as a fusion protein; the y-axis indicates cpm of 
tritiated thymidine incorporation. . ....... 

Figure^ 1 0 shows the stimulation of 3 H-thymidine uptake by humane PBMCs in 
response to murine IL-12 (white circles), to a mixture of murine IL-12 plus GM-CSF 
added in a 1 : 1 molar ratio (black circles), to murine GM-CSF (black triangles), and to an 
murine Fc-murine IL-12-GM-CSF fusion protein (X's). The x axis indicates the 
concentration (pM) of monomeric cytokine(s), whether present as an intact protein or as a 
fusion protein; the y-axis indicates cpm of tritiated thymidine incorporation. 

Figure 1 1 shows the effect of antibody-cytokine-cytokine fusion protein treatment 
of Balb/C mice bearing subcutaneous tumors derived from CT26 colon carcinoma cells 
that were engineered to express human EpCAM, the antigen for KS-1/4. Black diamonds 
indicate average tumor volumes in mice that were injected with PBS as controls on days 
0, 1, 2, 3, and 4. Triangles indicate average tumor volumes in mice treated with 6 
micrograms of KS-IL-12-IL-2. Squares indicate average tumor volumes in mice treated 
with 3.4 micrograms of KS-IL2 and 5.3 micrograms of KS-IL12. Intratumoral injections 
were performed. The x-axis indicates the number of days elapsed following the first 
injection; the y-axis indicates the average tumor volume in cubic milliliters. 

Figure 12 shows the effect of antibody-cytokine-cytokine fusion protein treatment 
of SCID mice bearing subcutaneous tumors derived from CT26 colon carcinoma cells 
that were engineered to express human EpCAM. Diamonds indicate average tumor 
volumes in mice that were injected with PBS as controls on days 0, 1, 2, 3, and 4. 
Triangles indicate average tumor volumes in mice treated with 6 micrograms of KS-IL- 
12-IL-2. Squares indicate average tumor volumes in mice treated with 3.4 micrograms of 
KS-IL2 and 5.3 micrograms of KS-IL 12. Intratumoral injections were performed. The 
x-axis indicates the number of days elapsed following the first injection; the y-axis 
indicates the average tumor volume in cubic milliliters. 

Figure 13 compares the effect of antibody-cytokine and antibody-cytokine- 
cytokine fiision protein treatment of mice bearing subcutaneous tumors of Lewis lung 



carcinoma (LLC) cells that were engineered to express human EpCAM. Diamonds 
indicate average tumor volumes in mice that were injected intratumorally with PBS as 
controls on days 0, 1, 2, 3, and 4. Squares indicate average tumor volumes in mice 
injected intratumorally with 20 micrograms of KS-IL2 on days 0, 1,2, 3, and 4. 
Triangles indicate average tumor volumes in mice injected intratumorally with 20 
micrograms of KS-IL12 on days 0, 1, 2, 3, and 4. X's indicate average tumor volumes in 
mice injected intratumorally with 20 micrograms of KS-IL-12-IL-2 on days 0, 1,2, 3, and 
4. The x-axis indicates the number of days elapsed following the first injection; the y- 
axis indicates the average tumor volume in cubic milliliters. 

Figure 14 shows the effect of antibody-cytokine-cytokine fiision protein treatment 
of mice bearing subcutaneous tumors derived from Lewis lung carcinoma cells that were 
engineered to express human EpCAM. Diamonds indicate average tumor volumes in 
mice that were injected with PBS as controls on days 0, 1, 2, 3, and 4. Triangles indicate 
average tumor volumes in mice treated with 20 micrograms of KS-IL-12-IL-2. Squares 
indicate average tumor volumes in mice treated with 1 1.5 micrograms of KS-IL2 and 18 
micrograms of KS-IL12. Intratumoral injections were performed. The x-axis indicates 
the number of days elapsed following the first injection; the y-axis indicates the average 
tumor volume in cubic milliliters. 

Figure 15 shows the effect of antibody-cytokine-cytokine fusion protein treatment 
of mice bearing subcutaneous tumors derived from Lewis lung carcinoma cells that either 
do or do not express human EpCAM. Black squares indicate average tumor volumes in 
mice bearing LLC/KSA-derived tumors. Black diamonds indicate average tumor 
volumes in mice bearing LLC-derived tumors. Mice were treated with 20 micrograms of 
KS-IL12-IL2 on days 0, 1, 2, 3 , and 4. Intratumoral injections were performed. The x- 
axis indicates the number of days elapsed following the first injection; the y-axis 
indicates the average tumor volume in cubic milliliters. 

Figure 16 shows the effect of antibody-cytokine-cytokine fusion protein treatment 
of mice bearing subcutaneous tumors derived from Lewis lung carcinoma cells. About 
10 6 cells were injected stibcutaneously on Day 0. Diamonds indicate average tumor 
volumes in naive mice. Squares indicate average tumor volumes in mice that had 
previously had subcutaneous tumors derived from Lewis lung carcinoma cells that were 
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engineered to express human EpCAM; and had been cured of these tumors by treatment 
with KS-IL12-IL2. The x-axis indicates the number of days elapsed following the 
injection; the y-axis indicates the average tumor volume in cubic milliliters. 

Figures 17A and 17B show the effect of single- or multiple-cytokine protein 
secretion by tumor cells on the ability of the cells to. form tumors in an animal with a 
normal immune system. In Figure 17 A, four sets of mice are compared: C57BL/6 mice 
injected s. c. with lxlO 6 LLC tumor cells (black diamonds); C57BL/6 mice injected s. c. 
with 5xl0 6 LLC tumor cells (white diamonds); C57BL/6 mice injected s. c. with 1x1 0 6 
LLC tumor cells expressing scIL-12 (black triangles); and C57BL/6 mice injected s. c. 
with 5xl0 6 LLC tumor cells expressing scIL-12 (white triangles). Figure 17B compares 
C57BL/6 mice injected s. c. with lxl 0 6 LLC tumor cells (black diamonds); C57BL/6 
mice injected s. c. with 5xl0 6 LLC tumor cells (white diamonds); C57BL/6 mice injected 
s. c. with lxlO 6 LLC tumor cells expressing scIL-12-IL-2 (X's); and C57BL/6 mice 
injected s. c. with 5xl0 6 LLC tumor cells expressing scIL-12 (white circles). The x-axis 
indicates number of days after injection of the tumor cells. The y-axis indicates the 
tumor volume in cubic millimeters. 

Figure 18 shows the effect of single- or multiple-cytokine protein secretion by 
tumor cells on the ability of the cells to form tumors in an immune-deficient animal. This 
Figure compares SCID mice injected s. c. with lxl 0 6 LLC tumor cells (black diamonds); 
SCID mice injected s. c. with lxl O 6 LLC tumor cells expressing scIL-12 (black 
triangles); and SCID mice injected s. c. with lxlO 6 LLC tumor cells expressing scIL-12 
(white circles). The x-axis indicates the number of days after injection of the tumor cells. 
The y-axis indicates the tumor volume in cubic millimeters. 

Detailed Description of the Invention 

The invention provides protein molecules in which two or more distinct cytokines 
are fused or complexed. The protein complexes or fusion proteins may optionally 
include additional protein moieties, including moieties capable of multimerization and 
targeting such as antibody Fc regions and antibody regions that include antigen 
combining sites. The invention also provides nucleic acids encoding multiple-cytokine 
fusion proteins. The invention also provides methods for the construction of nucleic 
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acids encoding multiple-cytokine fusion proteins, methods for production of multiple- 
cytokine fusion proteins, and methods for use of multiple-cytokine fusion proteins in 
treatment of diseases and medical conditions. 

As used herein, "cytokine" refers to a secreted protein or active fragment or 
mutant thereof that modulates the activity of cells of the immune system. Examples of 
cytokines include the interleukins, interferons, chemokines, tumor necrosis factors, 
colony-stimulating factors for immune cell precursors, and so on. 

As used herein, "heterodimeric cytokine" refers to a cytokine consisting of two 
distinct protein subunits. At present, IL-12 is the only naturally occuring heterodimeric 
cytokine that is known. However, artificial heterodimeric cytokines can be constructed. 
For example, IJ.-6 and a soluble fragment of IL-6R can be combined to form a 
heterodimeric cytokine, as can CNTF and CNTF-R alpha [Trinchieri (1994) Blood 
84:4008]. 

As used herein, "interleukin-12" (IL-12) refers to the two-subunit cytokine 
consisting of a p35 and p40 subunit, or an active single-chain fusion of p35 and p40, or a 
species variant, fragment, or derivative thereof. 

As used herein, "interleukin-2" (IL-2) refers to any mammalian IL-2, such as 
human IL-2, mouse IL-2, or an active species or allelic variant, fragment or derivative 
thereof 

As used herein, "GM-CSF" refers to a mammalian Granulocyte/Monocyte- 
Colony Stimulating Factor cytokine protein , such as human GM-CSF, mouse GM-CSF, 
or an active species or allelic variant, fragment or derivative thereof. 

As used herein, "immunoglobulin Fc region" means the carboxyl-terminal portion 
of an immunoglobulin heavy chain constant region, or an analog or portion thereof. For 
example, an immunoglobulin Fc region of IgG may comprise at least a portion of a hinge 
region, a CH2 domain, and a CH3 domain. In a preferred embodiment the Fc region 
includes at least a portion of a hinge region and a CH3 domain. In another preferred 
embodiment, the Fc region includes at least a CH2 domain and more preferably also 
includes at least a portion of a hinge region.. 

As used herein, "peptide linker" means one or more peptides used to couple two 
proteins together (e.g. a protein and an Fc region). The peptide linker often is a series of 
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amino acids such as. e.g., predominantly glycine and/or serine. Preferably, the peptide 
linker is a mixed series of predominantly glycine and serine residues and is about 10-15 
amino acids in length. 

As used herein, the term "multimeric" refers to the stable association of two or 
more protein subunits through covalent or non-covalent interaction, e.g. disulphide 
bonding': 

As used herein, the term "dimeric" refers to a specific multimeric molecule where 
two protein subunits are associated stably through covalent or non-covalent interactions. 
A stable complex is a complex with a dissociation rate, or off-rate, of at least several 
minutes (such that the complex would be stable long enough during in vivo use to reach a 
target tissue and have a biological effect. The Fc fragment itself typically forms a dimer 
of the heavy chain fragments comprising a portion of the hinge region, CH2 domain 
and/or CH3 domain. However, many protein ligands are known to bind to their receptors 
as a dimer. If a cytokine X dimerizes naturally, the X moiety in an Fc-X molecule will 
dimerize to a much greater extent, since the dimerization process is concentration 
dependent. The physical proximity of the two X moieties connected by Fc would make 
the dimerization an intramolecular process, greatly shifting the equilibrium in favor of the 
dimer and enhancing its binding to the receptor. 

As used herein, "vector" means any nucleic acid comprising a nucleotide 
sequence competent to be incorporated into a host cell and to be recombined with and 
integrated into the host cell genome, or to replicate autonomously as an episome. Such 
vectors include linear nucleic acids, plasmids, phagemids, cosmids, RNA vectors, viral 
vectors and the like. Non-limiting examples of a viral vector include a retrovirus, an 
adenovirus and an adeno-associated virus. 

As used herein, "gene expression" or "expression of a protein" is understood to 
mean the transcription of the DNA sequence, translation of the mRNA transcript, and 
either secretion of a protein product or production of the protein product in an isolatable 
form. 

As used herein, an "immunocytokine" is a fusion protein comprising an antibody 
and a cytokine, as disclosed in U.S. Patent No. 5,650,150. 
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As usedherein, a "leader sequence" is a protein sequence that is attached, usually 
at the N-terminus, to a second protein sequence, and that directs the second protein 
sequence to be secreted from a cell. The leader sequence is usually cleaved and removed 
from the second protein sequence, which becomes the mature protein. The term "leader 
sequence'' is generally synonympus with "signal sequence". 

As used herein, "EpCAM" refers to epithelial cell adhesion molecule (Cirulli et 
al. [1998] 140:1519-1534), and is synonymous with "KSA," meaning the antigen bound 
by the monoclonal antibody KS-1/4. EpCAM is a cell surface protein that is abundantly 
expressed on cancer cells derived from epithelial cells. 

As used herein, "KS-1/4" refers to a particular monoclonal antibody that binds to 
EpCAM. 

As used herein, "KS-IL2," "KS-IL12," and "KS-IL12-IL2" (and the like) refer to 
antibody-cytokine fusion proteins consisting of KS-1/4 with interleukin-2, KS-1/4 with 
interleukin-12, and KS-1/4 with both interleukin-12 and interleukin-2, respectively. 
Analogously named fusion protein constructs are also used herein. Because it is possible 
to fuse cytokines at several positions on an antibody molecule, a description such as "KS- 
IL12-IL2" refers to the class of proteins comprising KS-1/4 with both interleukin-12 and 
interleukin-2 fused at any possible position, unless explicitly stated otherwise. 

As used herein, "14.18" refers to a particular monoclonal antibody that binds to 
the tumor-specific antigen GD2. 

Several illustrative embodiments of protein constructs embodying the invention 
are illustrated in Figures 1-5. Parts of the molecules diagrammed in Figures 2 - 5 are 
labeled 1 A- II, referring to the fusion proteins shown in Figures 1 A- II and illustrating 
that any of the fusion proteins from Figure 1 can be further fused to other proteins as 
indicated. Cytokines are shown as rectangles, constant regions of antibodies are shown 
as ovals, and the heavy chain variable region and light chain variable region are shown as 
labeled ovals. 

The present invention describes protein complexes containing two different 
cytokines and optionally including additional protein moieties. A homodimeric cytokine 
(e.g. interferon alpha, interferon beta, interferon gamma, IL-5, IL-8, or the like), although 
it contains multiple subunits, is nevertheless a single cytokine. Similarly, a heterodimeric 
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Cytokine such as IE- 12, although it contains subunits that are different, is a single 
cytokine. Furthermore, a heterodimeric form of normally homodimeric cytokines, such 
as a MCP-l/MCP-2 heterodimer, or of two alleles of a normally homodimeric cytokine 
(e.g., Zhang, J. Biol Chem. [1994] 269:15918-24) is a single cytokine. The complexes 
of the present invention. contain two different cytokines, .each of which (e.g. IL-2 and IL- 
12; IL-4 and GM-CSF; MCP-1 and eotaxin; etc.) is capable of modulating an activity of a 
cell of the immune system. 

Figure 1 A depicts a preferred embodiment of the invention: in fusion protein 10, 
the C-terminus of a first cytokine 12 is fused to the N-terminus of a second cytokine 14, 
optionally through a linker region (not shown). In some embodiments of the invention, 
the protein complex of the invention contains at least two cytokines with significantly 
different serum half-lives. For example, using a small and a large protein will often 
result in a fusion protein with a circulating half-life characteristic of the larger protein. 
Therefore, in situations where the combined effects of IL-12 and a second cytokine are 
desired, it would be advantageous to express the two cytokines as a fusion protein of the 
general formula: IL-12-X or X-IL-12, where X is a second cytokine. Two particular 
advantages are seen. First, the serum half-life of the more rapidly cleared cytokine is 
extended. Second, the serum half-lives of both cytokines become very similar to each 
other. 

A two-chain cytokine such as IL-12 can be fused to another cytokine at the N- or 
C-terminus of either the chain of the two-chain cytokine. In one embodiment, a second 
cytokine is fused at either the N-terminus or C-terminus of either the p35 or p40 subunit 
of IL-12 (Figures IB-IE). In fusion protein 16 of Figure IB, the N-terminus of a first 
cytokine 12 is fused to the C-terminus of the IL-12 subunit p40 18. Subunit p40 18 is 
connected to IL-12 subunit p35 20 by a covalent bond 22. In fusion protein 24 of Figure 
1C, the N-terminus of p40 subunit 18 is fused to the C-terminus of first cytokine 12 and 
is connected to p35 subunit 20 by a covalent bond 22. Figure ID depicts fusion protein 
26 in which the N-terminus of first cytokine 12 is fused to the C-terminus of p35 subunit 
20, which is connected by covalent bond 22 to p40 subunit 18. In Figure IE, fusion 
protein 28 includes p35 subunit 20, fused at its N-terminus to the C-terminus of first 
cytokine 12 and connected by covalent bond 22 to p40 subunit 18. 



In a second* embodiment, the subunits of IL-12 may be fused to form a single- 
chain protein, scIL-12, with either the p35 subunit or the p40 subunit at the N-terminal 
position; the second cytokine may be attached to the N- or C-terminus of the resulting 
scIL-12 (Figures IF- II). Thus, in a preferred. embodiment depicted in Figure IF, fusion 
protein-30 contains single-chain IL-12, in which the N-terminus of p40 subunit 18 is 
fused to the G-terminus of p3 5 subunit 20, optionally through a peptide linker. In this 
embodiment, the N-terminus of cytokine 12 is fused to the C-terminus of p40 subunit 18. 
In the embodiment shown in Figure 1G, the N-terminus of p35 subunit 20 is fused to the 
C-terminus of cytokine 12, optionally through a peptide linker. Figures 1H and II show 
fusion proteins 34 and 36 containing another single-chain version of IL-12 in which the 
N-terminus of the p35 subunit is fused to the C-terminus of the p40 subunit, optionally 
through a peptide linker. In fusion protein 34, shown in Figure 1H, the N-terminus of 
cytokine 12 is fused to the C-terminus of p35 subunit 20. In fusion protein 36, shown in 
Figure II, the N-terminus of p40 subunit 18 is fused to the C-terminus of cytokine 12. In 
a highly preferred embodiment, IL-12 is fused to IL-2. 

The production of such molecules is further illustrated in the examples. 

It is often convenient to express heteromultimeric molecules, such as IL-12 or an 
antibody, as single-chain molecules in which the non-identical subunits are connected by 
short amino acid linkers [Huston et al (1988) Proc. Nat. Acad. Sci. 85: 5879; Lieschke et 
al. (1997) Nat Biotechnol 15:35; Lieschke; G. J. and Mulligan; R. C, U.S. Patent No. 
5,891,680]. A gene fusion is constructed, and then the desired protein can be expressed 
in cells containing a single recombinant DN A construct. Such single-chain versions of a 
heteromultimeric cytokine can be further fused to a second cytokine, which still allows a 
fusion protein with the desired activities to be expressed from a single recombinant DNA 
construct. The expression of such molecules is illustrated in the examples. 

The invention also describes a fusion protein comprising IL-4 and GM-CSF. This 
combination is particularly useful in functionally stimulating antigen presentation by 
dendritic cells. Another useful fusion comprises IL-12 and IL-18. These cytokines both 
promote the Thl response, but have somewhat different, complementary activities. 

The invention also describes fusion proteins in which multiple distinct, fused 
cytokines are further fused to a protein capable of forming multimers, such as 
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homodimers or heterodimers. The advantage of such a molecule is that the potency of 
one or more of the cytokines may be enhanced by dimerization. In some cases, 
enhancement of potency by dimerization can occur because the cytokine binds to its 
receptor as a dimer. In one embodiment, multiple cytokines are fused to a portion of an 
antibody molecule,, such as an.Fc region (Figure 2). In another embodiment, IL-12 and a 
second cytokine are. fused to the homodimerizing protein moiety. In a preferred 
embodiment, the second cytokine is IL-2 or GM-CSF. The fusion proteins may be 
created in a variety of ways, reflecting all the various orderings of several distinct protein 
moieties from the N- to C-termini in a fusion protein. For example when interleukin-12 
and a second cytokine are fused to an Fc region, the two cytokines may be both fused in 
any order to the N- or C-terminus of the Fc region, or one cytokine may be fused at the 
N-terminus and the other at the C-terminus. 

Some of these permutations are illustrated in Figure 2. For example, in the 
embodiment shown in Figure 2A, a fusion protein 44 of the invention is fused to the C- 
terminus of an Fc region containing hinge region 38, CH2 region 40 and CH3 region 42. 
Fusion protein 44 could have a variety of structures, including, for example, the 
structures of fusion proteins 10, 16, 24, 26, 28, 30, 32, 34, or 36 depicted in Figures 1 A- 
II. If fusion protein 44 has more than one N-terminus and C-terminus, as in fusion 
proteins 16, 24, 26, and 28, the Fc region could be fused to either N-terminus of fusion 
protein 44. As shown in Figure 2B, fusion protein 44 could be fused to the N-terminus of 
an Fc region. In the embodiment shown in Figure 2C, a first cytokine 12 could be fused 
to the N-terminus of an Fc region, and a second cytokine 14 could be fused to the C- 
terminus of the Fc region. 

Structural considerations 

It is important to note that cytokines, as a class of proteins, are similar in size and 
in general folding properties. Thus, the specific examples disclosed herein illustrate how 
to construct multiple cytokine fusion proteins for the family of cytokine proteins. For 
example, many cytokines fall into a protein folding class termed the "four-helix bundle". 
Four helix bundle proteins include granulocyte-colony stimulating factor (G-CSF), 
interleukin 6 (IL-6), leukemia inhibitory factor (LIF), growth hormone, ciliary 
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neurotrophic factor (CNTF), leptin, erythropoietin, granulocytermacrophage colony 
stimulating factor (GM-CSF), interleukin-5 (IL-5), macrophage colony-stimulating factor 
(M-CSF), IL-2, IL-4, interleukin-3 (IL-3), IL-10, interferon-beta, the interferon alphas 
and the closely related inteferon tau, and interferon gamma (IFN-gamma). 

. With the exception of IL-5 and IFN-gamma, all of these proteins fold as . . 
monomers with four rftughly parallel alpha helices and two crossover connections. In 
each case except IL-5 and IFN-gamma, the N-terminus and the C-terminus are on the 
same face of the protein. Because the four-helix bundle proteins, except IL-5 and IFN- 
gamma, have the same folding pattern, the methods described herein for IL-2, IL-4 and 
GM-CSF also apply to other four-helix bundle proteins and other small cytokine proteins 
that fold as monomers. 

Chemokines are a specific class of cytokines that are thought to form extracellular 
gradients and mediate the chemotaxis of specific classes of immune cells. For example, 
MCP-1 is a chemoattractant for monocytes, macrophages, and activated T cells; eotaxin 
is a chemoattractant for eosinophils; and interleukin-8 is a chemoattractant for 
neutrophils. In addition to their chemoattractant function, chemokines, like other 
cytokines, are able to induce the expression of specific genes in specific target cells. For 
example, MCP-1 is thought to induce the expression of Tissue Factor in vascular smooth 
muscle cells (Schecter et al., J Biol Chem. [1997] 272:28568-73). 

The invention discloses cytokine-cytokine fusions and antibody-cytokine- 
cytokine fusions in which one or more cytokines is a chemokine. The invention also 
discloses protein constructs with three or more cytokines, in which one or more cytokine 
is a chemokine. For example, the chemokines IP- 10, RANTES, MIP-1 alpha, MlP-lbeta, 
macrophage chemoattractant proteins, eotaxin, lymphotactin, BLC, can be fused to a 
second cytokine with or without other moieties such as an antibody moiety. 

The human genome, for example, encodes at least 50 chemokines. Known 
chemokines generally share a similar three-dimensional monomer structure and protein 
folding pattern. Accordingly, the general types of protein constructs and construction 
strategies disclosed here can be applied to a variety of known or as-yet-undiscovered 
chemokines. 
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Chemokines have a distinct folding pattern with three beta-strands and one alpha 
helix. Chemokines fold as monomers and, in some but not all cases, then dimerize after 
folding. For all chemokines, the folding pattern of the monomer subunit is identical and 
the overall structures are extremely similar. For example, the three dimensional 
/structures of Interleukin-8, Platelet factor 4, Melanoma growth stimulating activity . 
(MGSA), Macrophage inflammatory protein, Mil*, RANTESr (regulated upon activation, 
normal T-cell expressed and secreted), Monocyte chemoattractant protein- 1 (MCP-1, 
MCAF), Eotaxin, Monocyte chemoattractant protein-3 (MCP-3), Chemokine domain of 
fractalkine, Neutrophil-activating peptide-2 (NAP-2), Stromal cell-derived factor- 1 
(SDF-1), Macrophage inflammatory protein-2, Chemokine hcc-2 (macrophage 
inflammatory protein-5), Gro beta, Cytokine-induced neutrophil chemoattractant, and 
CINC/Gro have been determined by X-ray crystallography and/or NMR methods; all of 
these structures show the same fold and are generally similar. Because the chemokines 
have the same folding pattern, the methods described herein for lymphotactin also apply 
to other chemokine proteins. 

A free Nrterminus of a chemokine is often important for its function. Therefore, 
it is advantageous in some embodiments to construct fusions in which a second cytokine, 
antibody moiety, or other protein moiety may be fused to the C-terminus of the 
chemokine. To construct a protein complex containing two active chemokines, it is 
useful, for example, to fuse the two different chemokines to the N-termini of an 
antibody's heavy and light chains. Some chemokines, such as IL-8, are dimeric under 
physiological conditions. For certain applications, it is useful to coexpress a multiple 
cytokine antibody fusion, such as an IL-8-antibody-cytokine fusion, along with an 
unfused IL-8 moiety or an IL-8 moiety with a different fusion partner that does not 
interact with the antibody moiety. In this way, the different IL-8 moieties can 
heterodimerize without spatial constraints or polymerization that might result if all IL-8 
moieties were fused to an antibody chain. The desired multiple cytokine fusion protein 
can then be separated on the basis of size or on the basis of binding to an antibody- 
binding protein such as Staphylococcus A protein. 

For multiple cytokine fusion proteins comprising a chemokine, it is a preferred 
embodiment that the fusion protein also comprises a localizing function, such as an 
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antibody moiety that binds to an antigen. Without wishing to be bound by theory, it is 
generally thought that body- wide distribution of a chemokine will have no effect or lead 
to a general desensitization of cells toward that chemokine. In addition, it is thought that 
the chemoattractant function of a chemokine can only be manifested when there is a 
concentration differential of the chemokine., 

A preferred embodiment is a l)onphokine-antibody4nterleukin-2 fusion protein. 
Another preferred embodiment is one in which both the chemokine and the second 
cytokine promote a Thl response. For example, a fusion protein comprising IP- 10 and 
IL-12 is one highly preferred embodiment. 

Extending the half-life of multiple cytokines with short serum half lives 

The invention also describes fusion proteins comprising two cytokines, both with 
a short serum half-life, fused to a third moiety with a long serum half-life. For example, 
when stimulation of dendritic cells is desired, it is useful to combine the activities of IL-4 
and GM-CSF (Thurner, J Immunol. Methods [1999] 223:1-15; Palucka, et al. [1998] J. 
Immunol. 160:4587-4595). Because both IL-4 and GM-CSF are small molecules with 
short serum half-lives, it is usefiil to construct a fusion protein comprising an Fc region, 
IL-4, and GM-CSF. The resulting molecule is a powerful stimulant of dendritic cell 
proliferation and activity. Likewise, both IL-4 and GM-CSF could be fused to a targeting 
component such as an antibody for the purpose of delivering the combined cytokine 
activities to the site of cells expressing a predetermined antigen. 

The Fc region, alone or as part of an intact antibody, can confer several properties 
to multiple cytokine fusions that may be advantageous or disadvantageous, depending on 
the specific application. These properties include dimerization, extension of serum half- 
life, ability to fix complement, ability to mediate antibody-dependent cell-mediated 
cytotoxicity (ADCC), and binding to Fc receptors. If extension of serum half-life is a 
primary desired feature and immunological properties of the Fc region are unimportant or 
undesirable, it is preferable to use an Fc region that is a natural variant or mutant lacking 
one or more immunological properties. For example, if it is desirable to equalize and 
extend the serum half-lives of two or more cytokines with short serum half-lives, it is 
preferable to construct a multiple cytokine fusion protein comprising an Fc region from 
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human IgG2 or >IgG4; which respectively have reduced' or no affinity for Fc receiptors, or 
to use an Fc region carrying a mutation in the Fc receptor binding site. In fact, it has 
already been shown that fusion of some cytokines to antibodies increases the affinity of 
the fusion protein to Fc receptors and that this results in faster rates of clearance in 
. animal?. The use of Fc regions with reduced affinity for Fc receptors was shown to 
greatly improve the serum half-life of these molecules (Gillies et al. [1999} Cancer Res. 
59:2159-2166). Under some circumstances and depending on the cytokines used, an Fc 
region that binds to the Fc receptor will result in internalization of the multiple cytokine 
fusion protein and degradation of one or more cytokine moieties. 

Targeting 

The invention also describes fusion proteins in which two or more cytokines are 
attached to a protein that is capable of localizing the cytokines to a particular target 
molecule, cell, or bodily location. The preferred molecule with localizing capability is an 
antibody or a moiety comprising the antigen-binding variable regions of an antibody. 
However, other localizing molecules, or domains thereof, may be used, such as specific 
ligands or receptors, naturally occurring binding proteins, enzymes that bind to particular 
substrates, artificially generated peptides that have been selected for a particular binding 
or localizing capability, peptides with distinctive physico-chemical properties that result 
in a targeting capability, proteins that possess a targeting capability by virtue of binding 
to another molecule that is targeted, or other types of proteins. In the case of fusing two 
cytokines to a targeting molecule, a preferred first cytokine is IL-12. When IL-12 is 
used, a preferred second cytokine is IL-2 or GM-CSF. 

In the case of an antibody, there are a large number of ways in which two or more 
cytokines can be fused, because there are several possible sites of attachment. For 
example, an IgG antibody consists of two heavy and two light chains. The two cytokines 
may be fused to each other and then fused to an N- or C-terminus of either the heavy or 
the light chain. Alternatively, each cytokine may be fused separately to one of the N- or 
C-termini on the antibody molecule. 

Figure 3 illustrates a subset of ways in two cytokines may be fused to an antibody 
molecule. For example, referring to Figure 3 A, a fusion protein 44 of the invention could 
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be fused to the C-terminus of an immunoglobulin heavy chain 46, which is associated 
with an immunoglobulin light chain 48. As in Figure 2, fusion protein 44 can have a 
variety of structures, including, for example, the structures of fusion proteins 10, 16, 24, 
26, 28, 30, 32, 34, or 36 depicted in Figures 1A-1I. As shown in Figure 3B, a fusion 
protein 44 could be fosed to the N-terminus of an immunoglobulin heavy chain 46 * 
associated with an immunoglobulin light chain 48. In the embodiments shown in Figures 
3C and 3D, fusion protein 44 is fused to the N-terminus (Figure 3C) or the C-terminus 
(Figure 3D) of an immunoglobulin light chain 48 associated with an immunoglobulin 
heavy chain 46. As shown in Figures 3E and 3F, a first cytokine 12 may be fused to an 
immunoglobulin light chain 48 associated with an immunoglobulin heavy chain 46 fused 
to a second cytokine 14. The cytokines 12 and 14 may be fused to the N-termini (Figure 
3E) or the C-termini (Figure 3F) of the immunoglobulin chains. Alternatively, as in 
Figure 3G, first cytokine 12 may be fused to the N-terminus of the immunoglobulin light 
chain 48 while the second cytokine 14 is fused to the C-terminus of the immunoglobulin 
heavy chain 46. 

Fusions to single-chain antibodies 

It is sometimes convenient to express antibodies as single-chain molecules. The 
invention also provides fusion proteins in which two or more cytokines are fused to a 
single-chain antibody. This has the advantage of reducing the number of the DNA 
constructs used when expressing the desired fusion protein, which may be especially 
useful in gene therapy. In particular, if the cytokines are single-chain molecules, then 
fusion of the cytokines to the single-chain antibody will allow expression of the fusion 
protein as a single protein chain. 

As shown in Figures 4A-4C, in some embodiments, cytokines can be fused to the 
single-chain antibody at its N-terminus, its C-terminus, or at both termini. For example, 
as shown in Figure 4 A, fusion protein 44 can be fused to the C-terminus of single-chain 
antibody 50 having light chain variable region 52 and heavy chain variable region 54. As 
shown in Figure 4B, fusion protein 44 can also be fused to the N-terminus of single-chain 
antibody 50. In the embodiment shown in Figure 4C, a first cytokine 12 is fused to the 



-24- 



N-terminus of single-chain antibody 50, and a second cytokine 14 is fused to the C- 
terminus of single-chain antibody 50. 

A preferred embodiment comprises a fusion of IL-12 and a second cytokine to the 
single-chain antibody. A more preferred embodiment comprises IL-2 or GM-CSF as the 
second cytokine. 

The constant regions of antibodies have the potential to mediate a variety of 
effector functions. For example IgGl mediates complement fixation, ADCC, and 
binding to Fc receptor. The position at which the cytokine is fused may alter the 
antibody constant region's effector function, which is useful if modulation of these 
effector functions is desired. 

In some cases it may be desirable to construct a fusion of two or more cytokines 
to a moiety with the targeting region of an antibody, but without the constant regions. 
Such a fusion protein is smaller than a fusion of a complete antibody to two or more 
cytokines, which may be advantageous for certain purposes. In addition, such a fusion 
protein will lack one or more of the effector functions of an intact antibody, but will 
retain the targeting capability of an antibody. 

The invention therefore features fusion proteins in which two or more cytokines 
are fused to a single-chain Fv region. As shown in the embodiments depicted in Figures 
5A-5C, two cytokines may be fused to the N-terminus or the C-terminus of the Fv region, 
or one cytokine to each terminus. For example, as shown in Figure 5 A, a fusion protein 
44 of the invention may be fused to the C-terminus of a single-chain Fv region containing 
an immunoglobulin light chain variable region 52 and an immunoglobulin heavy chain 
variable region 54. A fusion protein 44 may also be fused to the N-terminus of an Fv 
region as shown in Figure 5B. As shown in Figure 5C, a first cytokine 12 may be fused 
to the N-terminus of an Fv region, and a second cytokine 14 may be fused to the C- 
terminus of the Fv region. 

Antibodies as heterodimeric vehicles for multiple cytokines 

In some circumstances, it is desirable to construct a fusion of two or more 
cytokines in which, for two of the cytokines, the same end of the protein is essential for 
activity. For example, it may be that the naturally occurring N-terminus of two different 



cytokines is essential for the activity of each cytokine. It is not possible to construct a 
single polypeptide chain fusion protein in which both cytokine moieties would be active. 

Antibodies are heterodimeric proteins consisting of heavy and light chains that are 
covalently linked by disulfide bonds. If it is desired to construct a multiple cytokine 
fusion.protein with two cytokine moieties that berth require an intact,. unfusedN-terminus, 
it is preferable to separately fuse the two cytokines to the N-termirii of the heavy and light 
chains of an antibody (Figure 3E). Similarly, if it is desired to construct a multiple 
cytokine fusion protein with two cytokine moieties that both require an intact, unfused C- 
terminus, it is preferable to separately fuse the two cytokines to the C -termini of the 
heavy and light chains of an antibody (Figure 3F). If the antibody is used solely as a 
vehicle to connect two cytokines in this manner, it may be useful to mutate or delete 
those portions of the antibody that confer additional properties related to immune 
function. For example, it may be preferable to use an Fab region as a vehicle, since the 
Fab region retains the heterodimerization feature of an antibody but lacks the functions 
characteristic of the Fc region. It may also be useful to use an antibody or antibody 
fragment in which the antigen combining site is non-functional. 

Fusions of multiple cytokines to antibodies combine many of the novel features of 
the invention. In antibody-multiple cytokine fusions, the serum half-life of the cytokines 
is equalized and extended; the activity of both cytokines is localized to a target and the 
especially toxic effects due to systemic administration of multiple, synergistically acting 
cytokines are avoided; each cytokine is effectively dimerized or multimerized; and the 
cytokines do not need to be directly fiised but may be fused to different sites on the heavy 
and light chains of the antibody molecule. 

In designing a fusion protein comprising multiple cytokines and an antibody, 
there are a number of options and configurations that can be distinguished by routine 
experimentation. Structural biology considerations are also useful. For example, many 
cytokines fall into a class termed 4-helix bundles. These structures consist of four alpha 
helices and have the N-terminus and C-terminus in the same vicinity. In general, the face 
of a cytokine around the N- and C-terminus is not used in binding to a cytokine receptor, 
so either terminus can be used for fusion to and antibody or to a second cytokine. 
However, it is sometimes difficult to directly fuse both the N- and C-terminus of a 4-helix 



bundle cytokine to different moieties, for steric reasons. When it is desirable to fuse two 
different 4-helix bundle cytokines to an antibody, it is therefore useful to fuse each 
cytokine to a different site on the antibody. Alternatively, if it is necessary to construct a 
polypeptide chain of the form Ig chain-cytokine-cytokine, one or more flexible linkers 
may be used to overcome the. steric problems- ... ... . . . 

Instead of an antibody, it is also possible to use other secreted heferodimeric 
molecules to carry multiple cytokines. For example, a complex including prostate- 
specific antigen and the protease inhibitor with which it complexes, the IgA heavy chain 
and the J chain, members of the TGF-beta family and their astacin-like binding partners, 
or IL- 1 2 could be used. 

Nucleic acids 

The invention also features nucleic acids capable of expressing each of the above 
types of proteins. These include nucleic acids encoding fusion proteins comprising two 
or more cytokines, fusions comprising two or more cytokines and a dimerization domain 
such as an Fc region, fusions comprising two or more cytokines fused to an antibody, and 
two or more cytokines fused to an Fv region. Preferred forms of the nucleic acids are 
DNA vectors from which the fusion proteins can be expressed in either bacteria or 
mammalian cells. For fusion proteins that comprise multiple polypeptide chains, more 
than one encoding nucleic acid may be used. Alternatively, it may be useful to place two 
or more fusion protein coding sequences on a single nucleic acid molecule. The 
Examples illustrate particular forms of the featured nucleic acids encoding multiple 
cytokines. 

The nucleic acids of the invention are particularly useful for expression of 
multiple cytokine fusion proteins, for either the production of these proteins or for gene 
therapy purposes. 

Methods for synthesizing useful embodiments of the invention, as well as assays 
useful for testing their pharmacological activities, are described in the Examples. 

The present invention also provides pharmaceutical compositions and methods of 
their use in treatment and prevention of a wide variety of diseases, including but not 
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limited to treatment of various infections and cancer, and vaccination against various 
diseases. 

Multiple cytokine fusion proteins can be used to treat bacterial, parasitic, fungal, 
or viral infections, or cancer. For example, IL-12 is known to have a protective effect in 
many types of infections* including but not limited to infections with the bacterium. ■ . . . 
Listeria monocytogenes; the parasites Toxoplasma gondii y Leishmdnia major, and 
Schistosoma mansoni; the fungus Candida albicans; and the viruses choriomeningitis . 
virus and cytomegalovirus. Since cytokines generally act in combination, it is often 
useful to use fusion proteins comprising two or more cytokines that are known to act 
synergistically. For example, since IL-2 potentiates the effects of IL-12, it is useful to 
combine these cytokines in treatment of bacterial, parasitic, fungal and viral diseases. 

A preferred method of treatment of infectious disease is to use multiple cytokine 
fusion proteins that are further fused to a targeting agent that places the multiple cytokine 
at the site of infection. Various targeting strategies are described below. 

The pharmaceutical compositions of the invention may be used in the form of 
solid, semisolid, or liquid dosage forms, such as, for example, pills, capsules, powders, 
liquids, suspensions, or the like, preferably in unit dosage forms suitable for 
administration of precise dosages. The compositions will include a conventional 
pharmaceutical carrier or excipient and, in addition, may include other medicinal agents, 
pharmaceuticals agents, carriers, adjuvants, etc. Such excipients may include other 
proteins, such as, for example, human serum albumin or plasma proteins. Actual 
methods of preparing such dosage forms are known or will be apparent to those skilled in 
the art. The composition or formulation to be administered will, in any event, contain a 
quantity of the active component(s) in an amount effective to achieve the desired effect in 
the subject being treated. 

Administration of the compositions hereof can be via any of the accepted modes 
of administration for agents that exhibit such activity. These methods include oral, 
parenteral, or topical administration and otherwise systemic forms. Injection is a 
preferred method of administration. 
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The amount of active compound administered will, of course, be dependent on the 
subject being treated, the severity of the affliction, the manner of administration, and the 
judgment of the prescribing physician. 

As described above, cytokines such as IL-2, IL-12, GM-CSF, IL-4, and others 
have been iavestigated for treatment of cancer. Under spine circumstances it is . . 
advantageous to use a multiple cytokine fusion protein in treatment of cancer, for reasons 
of simpler administration, increased serum half-life of one of the component cytokines, 
and/or superior modulation of the relative activities of the two cytokines. 

A preferred method of treatment of cancer is to target the cytokines to a particular 
organ or tissue, so the effect of the cytokines may be concentrated and the side effects of 
systemic distribution may be avoided. For example, fusions of multiple cytokines to an 
Fc region are expected to be concentrated to the liver, which may be useful in treatment 
of cancer limited to the liver. A more preferred method is to use a multiple cytokine 
fusion protein that is further fused to a targeting agent such as an antibody. In particular, 
the antibodies KS-1/4 and 14.18 are directed against tumor-specific antigens (Varki NM 
et al., Cancer Res [1984] 44:681-7; Gillies et al., Journal of Immunological Methods 
125:191 [1989]; U.S. Patent Nos. 4,975,369 and 5,650,150). When using antibody- 
multiple cytokine fusion, it is often useful to investigate the type of tumor and choose an 
antibody directed against an antigen that is likely to be present on that type of tumor. For 
example, it may be useful to characterize the tumor by FACS analysis, Western blot, 
examination of the tumor's DNA, or simply identifying the type of the tumor cell. Such 
methods of tumor characterization are well kn<own to those skilled in the art of tumor 
characterization, such as oncologists and tumor biologists. It is also possible to target 
multiple cytokine fusion proteins by a variety of other means, such as fusion to specific 
ligands or receptor moieties, fusion to peptide aptamers with pre-selected binding 
activities, chemical conjugation to small molecules with localizing characteristics, and so 
on. These targeting methods may also be used for treatment of other diseases, such as 
infections. 



treatment of cancer and other cellular disorders by gene therapy 

The nucleic acids of the invention may be used as gene therapy agents for 
treatment of cancer and other diseases in which it is desirable to target the immune 
system to a specific cell type. For example, cancer cells are withdrawn from a human or 
animal, one or more nucleic aqids encoding a multiple cytokine fusion protein are . 
transfected into the dancer cells, and the cancer cells are then reintroduced into the human 
or animal. Alternatively, the DNA may be introduced into the cancer cell in situ. The 
human or animal then mounts an immune response to the cancer cells, which may cure or 
lessen the severity of the cancer. A multiple cytokine gene fusion, coupled to appropriate 
regulatory elements to promote expression in mammalian cells, may be transfected into 
the cancer cells by any of a variety of techniques, include the calcium phosphate method, 
a 'gene gun', adenovirus vectors, cationic liposomes, retroviral vectors, or any other 
efficient transfection method. The nucleic acid may encode a multiple cytokine fusion 
protein that is further fused to other moieties. 

Anti-cancer gene therapy with a nucleic acid expressing a fusion of more than one 
fused cytokine, may be combined with other cancer treatments, such as treatments that 
may augment the immuner-stimulating properties of the fused cytokine protein. For 
example, the nucleic acid of the invention may also express other protein moieties that 
may aid in the development of an immune response to antigens expressed by the cancer 
cells, or may be co-trarisfected with other nucleic acids expressing such protein moieties. 
In particular, nucleic acids expressing the B7 costimulatory surface protein may be 
cotransfected into the cancer cells [Robinson et al., U.S. Patent No. 5,738,852]. 
Transfection of cancer cells with a nucleic acid expressing multiple cytokine fusion may 
also be accompanied by treatment with an antibody or immunocytokine that targets the 
cancer cells [Lode et al. (1998) Proc. Nat. Acad. Sci. 95:2475]. Transfection of cancer 
cells with a nucleic acid expressing multiple cytokine fusion may also be accompanied by 
treatment with an angiogenesis blocker [Lode et al. (1999) Proc. Nat. Acad. Sci. 9:1591]. 

Therapies using additional immune stimulators and/or angiogenesis blockers may 
also be combined with systemic treatment with multiple cytokine fusion proteins. An 
advantage of co-treatment with additional immune stimulators or angiogenesis blockers is 
that these treatments, unlike DNA-damaging agents and cell-cycle blockers, do not kill 



immune cells that may be dividing due to stimulation by the multiple cytokine fusion 
protein. 

A preferred embodiment of this gene therapy method is to introduce one or more 
nucleic acids encoding IL-12 and a second cytokine into cancer cells, and then 
reintroduce th$ cancer cells -into the human of animal; The second cytokine is preferably. 
IL-2 or GM-CSF. 

The present invention provides novel vaccine compositions and methods of 
adjuvantation of vaccines intended to provide a protective cell-mediated immune 
response in vaccinated host mammals against certain pathogens, using as an adjuvant two 
or more cytokines that have been fused. For example, if a Thl immune response is 
desired, multiple Thl -promoting cytokines may be fused and the resulting fusion protein 
administered to an animal in combination with an antigen. 

In particular, IL-12 and IL-2 may be fused and administered with an antigen. 
Alternatively, IL-12 and IL-2 may be further fused to an antigenic protein itself and used 
to stimulate an immune response. In this case, the invention is directed to vaccines that 
rely on the host's cell-mediated immunity, i. e. the elicitation of cytotoxic T lymphocytes 
and activated phagocytes to provide protection against infection by a particular pathogen. 
It is especially useful to perform vaccinations with fusion proteins comprising IL-12, IL- 
2, and the antigen, as this combination directs a Thl response against the antigen. 
Conventional adjuvants used in humans, such as alum, tend to induce a Th2 response. 

If a Th2 immune response is desired, fused combinations of Th2-promoting 
cytokines may be used. For example, it may be useful to fuse IL-4 and IL-10 to form a 
single molecule, and the resulting fusion protein used as an adjuvant. In particular, if it is 
desired to recruit dendritic cells in an animal, fused combinations of IL-4 and GM-CSF 
may be further fused with either an Fc region to promote binding to antigen-presenting 
cells, or further fused to an antibody capable of directing the fused cytokines to a target 
tissue such as a tumor. 

The present invention also provides novel therapeutic compositions and methods 
of adjuvanting intended to provide a synergistic effect with certain therapeutic 
compositions, including so-called 'cancer vaccines,' which may include a selected 
antigen occurring on a cancer cell. For example, a protein comprising two or more fused 



cytokines may be administered directly by an appropriate route, along with appropriately 
treated cancer cells. 

Examples 

Example I: Construction of gene fusions capable of expressing, cytokine-cytokine fusion 
proteins 

To create multifunctional proteins having a plurality of cytokines, gene fusions 
between IL-12's p40 and IL-2, and between IL-12's p40 and GM-CSF were synthesized. 
In addition, the coding sequence for mature murine p35 (SEQ ID NO:l) was fused to a 
promoter and leader sequence that allow high levels of expression and efficient secretion. 
Coding sequences of murine p40-IL-2 and p40-GM-CSF are shown in SEQ ID NO:2 and 
SEQ ID NO:3, respectively. A human p40-IL-2 fusion was also constructed (SEQ ID 
NO:4). Fusions of a mouse Fc region of IgG2a to mouse p35 (SEQ ID NO:5) and of 
human p35 to a human Fc region of IgGl (SEQ ID NO:6) were constructed, using 
expression plasmids previously disclosed (Lo et al. Protein Engineering 1 1:495-500 
[1998]; Lo et al, U.S. Patent No. 5,726,087). 

Fusion of mature mouse and human p35 to the C-terminus of the KS-1/4 antibody 
heavy chain is described by Gillies et al. (J. Immunology [1998] 160:6195-6203). 
Fusions of mature mouse and human p35 to the C-terminus of the 14.18 antibody heavy 
chain were constructed in an analogous manner (PCX International Publication 
W099/29732). 

The type of strategy discussed here to fuse p40 to IL-2 and to GM-CSF is 
generally applicable to the fusion of two or more cytokines. Specifically, the coding 
sequence of the most N-terminal moiety comprises a signal sequence for secretion, while 
the C-terminal moieties does not require a signal sequence. In some circumstances, it 
may be useful to place a coding sequence for a short peptide linker, preferably 10-15 
amino acids long and rich in glycine and serine, between the coding sequences for the 
two cytokines. The DNA manipulations involved in generating all such types of fusions 
are within the level of skill in the art. 

For example, details of the construction of a fusion between the murine IL-12 p40 
subunit and murine IL-2 were as follows. Full length cDNA of the p40 subunit of murine 
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IL-12 was cloned by PCR from mouse spleen cells activated with Concavalin A (5 |ig/ml 
in culture medium for 3 days). The forward primer had the sequence AA GCTAGC 
ACC ATG TGT CCT CAG AAG CTA ACC (SEQ ID NO:7), in which a Nhel site 
GCTAGC (residues 3-8 of SEQ ID NO;7) was placed upstream of the translation 
initiation codon ATG, and the reverse primer had the sequence CTC. GA G CTA GGA 
TGG GAC CCT GCA GGG (SEQ ID NO:8)* in which an Xhol site CTCGAG (residues 
1-6 of SEQ ID NO: 8) was placed immediately downstream of the translation stop codon 
TAG (anticodon CTA). After sequence verification, the Nhel-Xhol fragment containing 
the mu-p40 cDNA with its native leader was ligated to the Xbal-Xhol digested 
expression vector pdCs [Lo et al. (1998) Protein Engineering 1 1 :495-500]. The 
restriction sites Nhel and Xbal have compatible sticky ends, and Nhel site was used for 
the cloning of mu-p40 because mu-p40 has an internal Xbal site. 

For the construction of DNA encoding mu-p40-muIL-2, an oligonucleotide linker 
was used to join the mu-p40 DNA via its PstI site (C TGC AG) to a Smal-Xhol fragment 
containing the cDNA of mature murine IL-2. The DNA sequence at the junction of the 
fusion protein was C TGCAGG GTC CGA TCC CCG GGT AAA GCA CCC (SEQ ID 
NO:9), where C TGC AG (residues 1-6 of SEQ ID NO:9) is the PstI site, C CCG GG 
(residues 15-20 of SEQ ID NO:9) is the Smal site, TCC is the C-terminal amino acid 
residue of murine p40, and GCA is the N-terminal residue of mature murine IL-2. 

The DNA encoding single-chain muIL12-muGMCSF was derived from the DNA 
construct encoding single-chain muIL12-muIL2 above by replacing the muIL2 cDNA by 
the muGMCSF cDNA at the Smal site. The DNA sequence at the junction of single- 
chain muIL12 and muGMCSF was C TGCAGG GTC CGA TCC CCG GGA AAA 
GCA (SEQ ID NO: 10), where C7X/C^G (residues l-6of SEQ ID NO: 10) is the PstI 
site, C CCG GG (residues 17-22 of SEQ ID NO: 10) is the Smal site, TCC is the C- 
terminal amino acid residue of murine p40, and GCA is the N-terminal residue of mature 
murine GMCSF. 

Example 2: Expression of IL-12 fusion proteins 

IL-12-IL-2 fusion proteins were expressed as follows. Different combinations of 
the individual vectors encoding p40 fusions and vectors encoding proteins comprising 



-33- 



p35 were co-transfected into human 293 epidermal carcinoma cells for transient 
expression of fusion proteins. DNA was purified using preparative kits (Wizard, 
Promega Inc.), ethanol-precipitated for sterilization and resuspended in sterile water. 

For expression of biologically active IL-12 fusion protein heterodimers, different 
.combinations of the individual vectors encoding fusion and nonrfusion forms of the . 
subunits were transiently expressed by eo-transfection of human 293 epidermal 
carcinoma cells. DNA was purified using preparative kits (Wizard, Promega Inc.), 
ethanol precipitated for sterilization and resuspension in sterile water. Calcium 
phosphate precipitates were prepared by standard methods using 10 |ig of DNA per ml (5 
\xg of each when two plasmids were co-transfected) and 0.5 ml/plate were added to 
cultures of 293 growing in 60 mm plates at approximately 70% confluency (Molecular 
, Cloning: A Laboratory Manual, 2nd Ed., Sambrook, Fritsch and Maniatis, eds., 
Cold Spring Harbor Laboratory Press, 1989). After 16 hr, the medium containing the 
precipitate was removed and replaced with fresh medium. After 3 days, the supernatant 
was removed and analyzed for production of transfected gene expression by ELISA, 
biological determination of IL-12 activity, or immunoprecipitation and analysis on SDS 
gels of radioactively labeled proteins. For labeling, medium without methionine was 
used to replace the growth medium on the second day of culture and 35 S-methionine (100 
|iCi/ml) was added. After an additional 16 hr incubation, the media was harvested, 
clarified by centrifiigation (5 min at 13,000 rpm in a table top microcentrifuge) and 
incubated with protein A Sepharose beads (10 ^1 of bead volume per ml of culture 
supernatant). After 1 hr at room temperature, the beads were washed by repeated 
centrifiigation and resuspension in PBS buffer containing 1% Nonidet -P40 (NP-40). 
The final pellet was resuspended in SDS-containing gel buffer and boiled for 2 min. 
After removing the beads by centrifiigation, the supernatant was divided into two 
aliquots. Reducing agent (5% 2-mercaptoethanol) was added to one sample and both 
samples were boiled for 5 min prior to loading on an SDS polyacrylamide gel. After 
electrophoresis the gel was exposed to X-ray film (autoradiography). 

Transfections using the following expression plasmids were performed: mu.p35 
plus mu.p40-IL-2, KS-l/4-mu.p35 plus mu.p40, KS-l/4-mu.p35 plus mu.p40-IL-2, 
14.18-mu.p35 plus mu.p40-IL-2, hu.Fc-.p35 plus hu.p40-IL-2, KS-l/4-hu.p35 plus 
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hu.p40-IL-2, and 1 4. 1 8-hu.p3 5 plus hu.p40-IL-2, where "mu" refers to murine proteins 
and "hu" refers to human proteins. 

When cells were metabolically labeled with 35 S-methionine and secreted proteins 
examined by reducing SDS gel electrophoresis and autoradiography, high level 
expression wa^ obse^ . . . 

were predicted based on the molecular weights of component proteins, as follows: p35 of 
IL-12, 35 kD; p40 of IL-12, 40 kD; IL-2, 16 kD; Fc, 32 kD; Ig heavy chain, 55 kD; and 
Ig light chain, 28 kD. Proteins migrating with approximately the predicted molecular 
weights were observed. 

Stably transfected cell lines expressing multiple cytokine fusion proteins were 
also isolated. In the case of heterodimeric constructs, IL-12 p40-IL-2 or IL-12 p40-GM- 
CSF fusion protein encoding expression vectors as described earlier for the IL-12 p40 
subunit alone (Gillies et al. [1998] J. Immunol. 160: 6195-62030). Transfected cell lines 
expressing the p40 fusion proteins were transfected a second time with expression vectors 
encoding either the IL-12 p35 subunit, an Fc-p35 fusion protein or an antibody-p35 
fusion protein expression vector as described (Gillies et al. [1998] J. Immunol. 160: 
6195-62030). 

Supernatant from stably transfected cells expressing human Fc-IL-12-IL-2 {i.e. 
expressing KS-p35 and p40-IL-2) was collected and the products were purified by 
binding to and elution from protein A Sepharose according to the manufacturer's 
procedures (Repligen, Needham, MA). The pure proteins were assayed by ELISA for IL- 
1 2 and IL-2 content. The results showed that the individual cytokine contents were 
approximately 4-fold different by mass which correlates to the 4-fold difference in 
molecular weight between IL-12 and IL-2. Similarly, assay of the products of transfected 
cells expressing human KS- IL-12-IL-2 by ELISA for IL-12 and IL-2 levels gave similar 
values of IL-12 and IL-2, Thus, within the accuracy of the ELISAs, the measured values 
indicate that IL-12 and IL-2 are being produced in about a 1:1 molar ratio. The same 
results were obtained with the IL-12-GM-CSF fusion proteins made either with the Fc or 
whole antibody. 



-35- 



Example 3: Synergistic activity of fusion proteins in an, IFN-y induction assay 

Biological activity of IL-12-IL-2 fusion proteins was measured in an IFN-y 
induction assay using either resting or mitogen-activated human peripheral blood 
mononuclear cells (PBMCs) from human volunteers (Figure 6). IFN-y production was 
measured by EMS A. ■ • ' ...... 

Human peripheral blood mononuclear cells (PBMCs) were obtained from healthy 
volunteers and were purified by centrifugation on a Ficoll-Hypaque (Pharmacia) gradient 
(1700 rpm for 20 min). The "buffy" coat containing the PBMC was diluted with 
serum-free culture medium (SF-RPMI) to a volume of 50 ml and collected by 
centrifugation at 1500 rpm for 5 min. After gradient centrifugation, cells were 
resuspended in cell culture medium containing 10% fetal bovine serum (RPMI-10) with 
or without phytohemagglutinin (PHA; 10 |ig/ml) at a density of 5 x 10 6 cells/ml and were 
cultured for 3 days at 37°C in a humidified CO2 incubator. The cells were collected by 
centrifugation, washed three times with an equal volume of SF-RPMI and resuspended in 
fresh RPMI-10 (1 x 10 6 cells /ml). Aliquots (100 \x\) were dispensed into the wells of 
multiple 96- well plates to give a final cell number of 10 5 per well. Test samples from 
culture medium were serially diluted in fresh culture medium and added to wells of the 
96-well plate. Control wells received IL-12 (Figure 6A) or an equimolar mixture of 
commercial IL-2 and IL-12 (Figure 6B; cytokines purchased from R&D Systems). The 
plates were incubated for 48 hr at 37°C in a CO2 incubator at which time aliquots (20 |il) 
were removed for analysis of IFN-y concentration by ELISA, following the instructions 
of the manufacturer (Endogen, Inc., Woburn, MA USA). 

In Figure 6 A, the activities of the human IL-12-IL-2 fusion protein were 
compared with IL-12 alone. The results illustrate that IL-12 alone induced IFN-y to 
moderate levels, while the IL-12-IL-2 fusion protein strongly induced IFN-y synthesis. 
Since IL-2 is also known to be insufficient for IFN-y synthesis, these results indicate that 
the IL-12 and IL-2 moieties are both functional within the fusion protein and function 
synergistically. 

Next, the activities of an Fc-IL-12-IL-2 fusion protein, a KS-IL-12-IL-2 fusion 
protein, and a mixture consisting of 1:1 molar ratio of IL-12 to IL-2 were compared for 



their ability to induce IFN-y. The results in Figure 6B indicate that the Fc-IL-12-IL-2 
fusion protein and KS-IL-12-IL-2 fusion protein have about the same activity as an 
equimolar mixture of IL-12 and IL-2. The same results were obtained when the mouse 
forms of IL-2 and IL-12, constructed in the manner just described in Example I for the 
human forms, were used for the construction of fusion proteins, . . 

Example 4: IL-2 and IL-12 bioactivity of ILA2-IL-2 fusion proteins. 

The activities of IL-2 and IL-12 in the fusion proteins were compared to the free 
cytokines in proliferation-based assays. The activity of a murine antibody 14.18-IL-12r 
IL-2 molecule was tested in a typical IL-12 proliferation assay. Human PBMCs were 
obtained from volunteers and cultured with 5 micrograms/ml of phytohemagglutinin-P 
for three days, washed with Hank's HBSS, and plated into microtiter plates at 10 5 cells 
per well, according to a standard procedure (Gately, M. K., Chizzonite, R., and Presky, 
D. H. Current Protocols in Immunology [ 1 995] pp. 6. 1 6. 1 - 6. 1 6. 1 5). Cells were 
incubated in the presence of various test proteins for 48 hours, and 0.3 microCuries of 
3 H-thymidine were added ten hours before determining levels of radioactive 
incorporation. IL-12 and an equimolar mixture of IL-12 and IL-2 stimulated 
incorporation of 3 H-thymidine into cells in a dose-dependent manner, and the 14.18-IL- 
12-IL-2 fusion protein was about equally effective in stimulating incorporation of 3 H- 
thymidine. IL-2 stimulated incorporation of 3 H-thymidine only at higher molar 
concentrations, indicating that the observed incorporation of 3 H-thymidine stimulated by 
the 14.18-IL-12-IL-2 fusion protein is due primarily to its IL-12 activity. Results are 
shown in Figure 7. 

In addition, the biological activity of the IL-2 moiety was tested in a different cell 
proliferation assay, following a standard procedure (Davis, L. S., Lipsky, P. E., and 
Bottomly, K. Current Protocols in Molecular Immunology [1995] p. 6.3.1 - 6.3.7). The 
mouse CTLL-2 cell line depends on IL-2 for proliferation. The CTLL-2 cell line can also 
proliferate in response to IL-4, but is not responsive to IL-12. CTLL-2 cells in active log- 
phase growth were washed twice in medium lacking IL-2 and plated at about lxlO 4 cells 
per well in microtiter wells in the presence of various amounts of commercial murine IL- 
2, murine 14.18-IL-12-IL-2 fusion protein, or commercial murine IL-12, and grown for 



-37- 



48 hours. At the end of the growth period, the number of viable cells was quantitated 
using the MTT/MTS assay. Figure 8 shows an experiment in which levels of IL-2, IL-12, 
or 14.18-IL-12-IL-2 fusion protein were varied. The results indicate that murine IL-2 and 
murine 14.18-IL-12-IL-2 fusion protein are about equally potent in stimulating 
proliferation, .while increasing amounts of murine JL- 12 caused no detectable stimulation 
of cell proliferation. This result indicates that the stimulation of CTLL-2 cell 
proliferation by 14.18-IL-12-IL-2 fusion protein is due to the IL-2 moiety and not the IL- 
12 moiety. 

Example 5: Construction and expression of single-chain and multiple chain IL-12 -IL-2 
fusion proteins with and without antibody moieties 

A single-chain murine IL-12-IL-2 fusion protein was constructed as follows. A 
p40-IL-2 coding sequence fusion was constructed by methods analogous to those used in 
construction of the human p40rIL-2 fusion in example 1 . To connect the DNAs encoding 
the p35 and p40 subunits of IL-12 and generate a single coding sequence, a DNA 
encoding a linker was synthesized with an Xhol site at the 5' end and a BamHI site at the 
3' end. The 5' end of the mature p40-IL-2 coding sequence was modified to introduce a 
restriction site, and then ligated to the 3' end of the linker. The 3' end of the murine p35 
coding sequence was modified to generate a restriction site and ligated to the Xhol site of 
the linker. The cDNAs encoding single-chain muIL12 and mu-p40-muIL2, described in 
Example 1, were combined by using a convenient restriction site in p40, to give a third 
DNA construct encoding single-chain muIL12-muIL2. These steps were carried out 
using various vectors and DNA fragment isolations as needed. The sequence of the 
resulting murine p35-linker-p40-IL-2 coding region is SEQ ID NO: 11. 

At the same time, a corresponding single-chain murine IL-12 coding sequence 
was constructed by corresponding methods. The coding sequence is SEQ ID NO: 12. 

In addition, we further constructed a DNA sequence that encodes a murine IgG2a 
Fc region fused to the N-terminus of p35-linker-p40-IL-2. The coding sequence is SEQ 
IDNO:13. 

Cultured 293 cells were transfected with expression plasmids encoding the murine 
single-chain Fc-IL-12-IL-2 and Fc-IL- 12 proteins. Expression of fusion proteins was 
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assayed as described in Example 2. Fc fusion proteins were purified by their binding to 
protein A Sepharose, and high levels of expression of Fc-IL-12-IL-2 and Fc-IL-12 were 
observed. Proteins were synthesized intact, as inferred by the apparent molecular weights 
from migration on SDS gels: Fc-IL-12-IL-2, 123 kD; and Fc-IL-12, 107 kD. 

. The KS-s.cIL12-IL2 fusion protein described in Example 1 is a tetramer with two . 
different polypeptide chains: the KS-1/4 light chain and the KS-1/4 heavy chain with the 
scIL12-IL2 moiety at the C-terminus. To investigate which sites on an antibody 
molecule are suitable for attachment of cytokine moieties, a second fusion protein was 
constructed in which the KS-1/4 antibody, IL-12, and IL-2 moieties were in a 
configuration distinct from the KS-IL12-IL2 configuration in Example 1. This second 
protein was tetrameric and consisted of two different polypeptides. One polypeptide 
consisted of the light chain of the KS-1/4 antibody. The other polypeptide consists of a 
single-chain muIL12 fused to the mature N-terminus of the heavy chain of the KS1/4 
antibody, followed by murine IL-2 at the carboxyl terminus of the heavy chain. 

The cDNA encoding the p35 subunit of murine IL-12 was cloned by PCR from 
mouse spleen cells activated with Concanavalin A (5 ^ig/ml in culture medium for 3 
days). The forward primer has the sequence AAGCTT GCTAGCAGC ATG TGT CAA 
TCA CGC TAC (SEQ ID NO: 14), where a Hindlll site AAGCTT (residues 1-6 of SEQ 
ID NO: 14) is placed upstream of the translation initiation codon ATG, and the reverse 
primer has the sequence CTCGAG CTT TCA GGC GGA GCT CAG ATA GCC (SEQ 
ID NO:15), where an Xhol site CTCGAG (residues 1-6 of SEQ ID NO:15) is placed 
downstream of the translation stop codon TGA (anticodon TCA). 

The DNA encoding the single-chain IL-12 comprises of the mup35 DNA joined 
to oligonucleotides encoding a linker rich in glycine and serine residues, followed by , 
mup40 DNA. The resultant construct has the following sequence at the oligonucleotide 
junction: 

Ser Ser Gly Gly Ser Gly Gly Gly Gly Ser Gly Gly Gly Gly Ser 
GAGC TCC GCG TCG AGC GGG GGC AGC GGG GGC GGA GGC AGC GGC GGG GGC GGA TCC 

Ala (SEQ ID NO: 17) 

GCC ATG (SEQ ID NO: 16) 
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where G AGC TC (residues 1-6 of SEQ ID NO: 16) is a SacI restriction site just upstream 
of the murine p35 translation stop codon, GCG encodes the C-terminal amino acid 
residue of murine p35, GGA TCC (residues 50-55 of SEQ ID NO: 16) is a BamHI 
restriction site introduced to facilitate ligation, and ATG encodes the N-terminal residue 
of mature mu-p40. 

The DNA encoding single-chain muIL12-KS Heavy chain-muGMCSF has the 
following sequence at the junction of mup40 and the mature N-terminus of KS heavy 
chain: 

Pro Gly Ser Gly Gly Ser Gly Gly Gly Gly Ser Gly Gly 
C TGCAGG GTC CGA TCC CCG GGA TCC GGA GGT TCA GGG GGC GGA GGT AGC GGC GGA 

Gly Gly Ser Leu Ser (SEQ ID NO: 19) 

GGG GGC TCC 7X4 AGC CAG (SEQ ID NO: 1 8) 

where C TGC AG (residues 1-6 of SEQ ID NO:18) is a PstI site just upstream of the 
murine p40 translation stop codon, TCC encodes the C-terminal amino acid residue of 
murine p40, and CAG encodes the N-terminal residue of mature KS heavy chain. The 
resultant DNA encoding single-chain muIL12-KS Heavy chain-muIL2 was then 
coexpressed with the KS light chain. 

To further investigate which ends of an antibody molecule are available for the 
generation of fusion junctions and to investigate how many distinct polypeptides can be 
assembled into a multiple cytokine fusion protein, a third protein containing KS-1/4, IL- 
12, and IL-2, namely IL12-KS(Light chain) +KS(heavy chain)-IL2, was expressed and 
tested for activity. This fusion protein is hexameric and comprises three different 
polypeptides. One polypeptide consists of the murine p35 fused to the light chain of the 
KS1/4 antibody. A second polypeptide consists of the heavy chain of the KS1/4 antibody 
fused to human IL-2 [Gillies et al. (1992) Proc. Natl. Acad. Sci. 89:1428], and a third 
polypeptide is the murine p40. Upon expression, two light chains and two heavy chains 
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are disulphide bonded to form the tetrameric antibody-cytokine structure. In addition, the 
p35 at the N-terminus of the light chain also is disulphide bonded with the p40. 

The DNA encoding the mup35-KS light chain has the following sequence at the 
junction: 

Ser Ser Gly Gly Ser Gly Gly Gly Gly Ser Gly Gly Gly Gly Ser 
G AGC TCC GCG TCG AGC GGG GGC AGC GGG GGC GGA GGC AGC GGC GGG GGC GGA TCC 

Leu Ser (SEQIDNO:21) 
TTA AGC GAG (SEQ ID NO:20) 

where G AGC TC (residues 1-6 of SEQ ID NO:20) is a Sad restriction site just upstream 
of the murine p35 translation stop codon, GCG encodes the C-terminal amino acid 
residue of murine p35, GGA TCC (residues 50-55 of SEQ ID NO:20)is a BamHI 
restriction site introduced to facilitate ligation, and GAG encodes the N-terminal amino 
acid residue of the light chain. 

For expression of this hexameric fusion protein, a murine p40-expressing cell line 
was generated by transfection with an expression vector containing a neomycin resistance 
gene and selection by G418. The murine p40-expressing cell line was then transfected 
with an expression vector containing both the light chain and heavy chain transcription 
units and a dihydrofolate reductase selection marker, which allowed selection by 
methotrexate [Gillies et al. (1998) J. Immunol. 160:6195]. 

Example 6: Activity of murine single-chain IL-12-IL-2 fusion proteins 

The same methods used in Example 4 were used to test the activity of murine 
single-chain IL-12-IL-2 produced by transient expression. The amount of each cytokine 
in the cell culture supernatant was first determined by ELISA and used to set up a dose- 
response curve. The activities closely corresponded to what was found with the Fc and 
antibody IL-12-IL-2 fusion proteins and described above. 

Specifically, the IL-12 activity of a murine single-chain (sc) IL-12-IL-2 and 
murine Fc-scIL-12-IL-2 molecules were tested in the human PBMC cell proliferation 
assay described in Example 4. IL-12 and an equimolar mixture of IL-12 and IL-2 
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stimulated incorporation of H-thymidine into cells in a dose-dependent manner. On a 
per mole basis, both scIL-12-IL-2 and Fc-sclL-12-IL-2 fusion proteins were about as 
effective as IL-12 in stimulating incorporation of 3 H-thymidine (Figure 9). As described 
in Example 4, IL-2 stimulates incorporation of 3 H-thymidine only at a much higher molar 
concentrations, indicating that the observed incorporation of 3 H-thymidine stimulated by 
the scIL-12-IL-2 fusion proteins is due primarily to their IL-12 activity. 

In addition, the biological activity of the IL-2 moiety in the scIL-12-IL-2 fusion 
proteins was tested in a cell based assay, and was found to be about the same as 
commercial IL-2 on a per mole basis, to within the accuracy of the assay. The biological 
activity of the IL-2 moiety was tested in the CTLL-2 cell proliferation assay, as described 
in Example 4. The results indicate that murine IL-2, murine scIL-12-IL-2, and murine Fc- 
IL-12-IL-2 fusion protein were about equally potent in stimulating proliferation., Murine 
IL-12 causes no detectable stimulation of CTLL-2 cell proliferation. These results 
indicate that the stimulation of CTLL-2 cell proliferation by scIL-12-IL-2 fusion proteins 
was due to the IL-2 moiety and not the IL-12 moiety. 

The IL-12 and IL-2 activities of the Fc-IL12-IL2, IL12-KS-IL2, and IL12- 
KS(Light chain) + KS(Heavy chain)-IL2 proteins described in Example 5 were also 
tested in cell-based assays. Using the PBMC cell proliferation/tritiated thymidine 
incorporation assay, the Fc-IL12-IL2, IL12-KS-IL2, and IL12-KS(Light chain) + 
KS(Heavy chain)-IL2 proteins all showed potent IL-12 activity. Similarly, using the 
CTLL-2 cell proliferation assay, the Fc-IL12-IL2, IL12-KS-IL2, and IL12-KS(Light 
chain) + KS(Heavy chain)-IL2 proteins all showed potent IL-2 activity. In addition, in an 
ELISA, the IL12-KS-IL2 and IL12-KS(Light chain) + KS(Heavy chain)-IL2 proteins 
both bound tightly to the EpCAM antigen, even though the heavy and light chain V 
regions, respectively, are fused to other proteins at their N-terminL 

Example 7: Activity of murine IL-12-GM-CSF fusion proteins 

The IL-12 activity of a murine Fc-IL-12-GM-CSF molecule was tested in a cell 
proliferation assay (Figure 10). Human PBMCs were obtained from three volunteers and 
cultured with 5 micrograms/ml phytohemagglutinin-P for three days, washed with 
Hank's HBSS, and plated into microtiter plates at 10 5 cells per well, according to a 
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standard procedure (Gately, M. K., Chizzonite, R., and Presky, D. H. Current Protocols 
in Immunology [1995] p. 6.16.1 - 6.16.15). Cells were incubated in the presence of 
various test proteins for 48 hours, and 0.3 microCuries of 3 H-thymidine was added ten 
hours before determining levels of radioactive incorporation. IL-12 and an equimolar 
mixture of IL-12 and GM-CSF stimulated incorporation of 3 H-thymidine into cells in a . 
dose-dependent manner, and the 14.18-IL-12-GM-CSF fusion protein was about equally 
effective in stimulating incorporation of 3 H-thymidine. GM-CSF did not stimulate 
incorporation of 3 H-thymidine at the concentrations tested, indicating that the observed 
incorporation of 3 H-thymidine stimulated by the 14.18-IL-12-GM-CSF fusion protein 
was due primarily to its IL-12 activity. 

In addition, the biological activity of the GM-CSF moiety of various IL-12-Gm- 
CSF fusion proteins is tested in cell based assays. It is found that the GM-CSF moiety is 
active, with an activity per mole in the same general range as commercial GM-CSF. For 
example, the biological activity of the GM-CSF moiety is tested in a different cell 
proliferation assay, following a procedure known to those practiced in the art of 
molecular immunology (Cooper, S, C, and Broxmeyer, H. E. Current Protocols in 
Molecular Immunology [1996] p. 6.4.1 - 6.4.20). The mouse 32D(GM) cell line depends 
on GM-CSF for proliferation; this line has been adapted from the original 32D cell line, 
described by Cooper and Broxmeyer, to be particularly sensitive to GM-CSF (Faas et al., 
Eur. J. Immunol. [1993] 23:1201-14). The 32D(GM) cell line is not responsive to IL-12. 
32D(GM) cells in active log-phase growth are washed twice in medium lacking GM-CSF 
and plated at about 5x1 0 3 cells per well in microtiter wells in the presence of various 
amounts of commercial murine GM-CSF or murine IL-12-GM-CSF fusion protein and 
grown for 48 hours. 0.3 microCuries of 3 H-thymidine are added sixteen hours before 
detennining levels of radioactive incorporation. There is a dose responsive increase in 
incorporation of 3 H-thymidine with increasing levels of IL-12-GM-CSF fusion protein, 
indicating that the GM-CSF moiety of the IL-12-GM-CSF fusion protein is active. 
Moreover, the GM-CSF biological activity of the fusion protein, calculated on a molar 
basis, is comparable to that of commercial murine GM-CSF. 
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Example 8. Treatment of colon carcinoma in an immune-proficient mammal with a 
multiple cytokine fusion protein. 

To test whether a multiple cytokine-antibody fusion protein could be used to treat 
colon carcinoma in a mammal with an intact immune system, the following experiments 
were performed- CT26 is a colon carcinoma cell line derived from. Balb/C mice.. By 
standard genetic engineering techniques, this cell line was engineered to express the 
human epithelial cell adhesion molecule (EpCAM), which is the antigen recognized by 
the KS-1/4 antibody; these cells are termed CT26/KSA cells. 

Balb/C mice were subcutaneously inoculated with 2xl0 6 CT26/KSA cells. When 
tumors reached a volume of about 100-200 cubic millimeters, mice were randomized into 
three groups of 9 mice for further study. Beginning at day 0, tumor-bearing mice were 
treated with PBS, about 3.4 micrograms of KS-IL2 mixed with about 5.3 micrograms of 
KS-IL12, or about 6 micrograms of KS-IL2-IL12. These doses are designed to deliver an 
equal number of IL-12 and IL-2 molecules to each set of mice. Mice were injected 
intratumorally, once per day for five days. Tumor sizes were measured with calipers. 

The results of one such experiment are shown in Figure 1 1 . In this experiment, 
KS-IL12-IL2 caused a profound inhibition of tumor growth. The mixture of KS-IL12 
and KS-IL2 also caused a significant inhibition of tumor growth, but not as complete as 
KS-IL12-IL2. In the group of mice treated with KS-IL12-IL2, six of nine mice were 
apparently cured of their tumors: these six mice survived until day 93, when the 
experiment was terminated; and the tumors in these mice shrank and disappeared, so that 
no subcutaneous tumor could be detected from day 39 to day 93. The other three mice 
had tumors whose growth was delayed such that the tumor volumes exceeded 4,000 cubic 
millimeters only after day 87. 

Of the mice treated with a mixture of KS-IL12 and KS-DL2, two mice were 
apparently cured of their subcutaneous tumors and survived until the end of the 
experiment. The tumors in the remaining seven mice did not disappear and eventually 
grew to volumes of 1,000 cubic millimeter (1 mouse) or greater than 4,000 cubic 
millimeters (6 mice). 

The fact that KS-IL12-IL2 is more effective that an equimolar mixture of KS- 
IL12 and KS-IL2 is surprising. The doses in this experiment deliver about 15 picomoles 
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of fusion proteinper dose, which corresponds to about 9x 1 0 molecules. At the start of 
treatment, each tumor has a volume of about 160 cubic millimeters, which corresponds to 
about 160 million cells. Each cell expresses about 10 6 molecules of EpCAM, so there are 
about 1 .6xl0 14 EpCAM antigen molecules to which the KS antibody might bind. Thus, 
when KS-IL12 and KS-IL2 were mixed and injected into mice bearing such tumors, it is. 
unlikely that these two immunocytokine fusion proteins competed with each other for 
antigen binding sites. Thus, the effective dose of IL-12 and IL-2 at the tumor site should 
have been at least as high for the mixture of KS-IL12 and KS-IL2 as for KS-IL12-IL2. 

Example 9. Treatment of colon carcinoma in an immunodefwient mammal with a 
multiple cytokine fusion protein. 

Many forms of cancer therapy have the effect of killing dividing cells, including 
cells of the immune system. As a result, cancer patients often become 
immunosuppressed. To address whether multiple cytokine fusion proteins can be used to 
treat a mammal with a suppressed immune system, SCID mice bearing CT26/KSA 
tumors were treated with KS-IL12-1L2, a mixture of KS-IL12 and KS-IL2, or PBS. 
SCID mice are deficient in both B cells and T cells and depend on branches of the innate 
immune system, such as NK cells, for their ability to fight infections. 

Mice with subcutaneous CT26/KS A tumors were generated as described in 
Example 8. Three groups of 8 mice each, bearing tumors of about 100 to 200 cubic 
millimeters, were treated by intratumoral injection with the same dosing and schedule as 
in Example 8. Results are shown in Figure 12. In this case, the KS-IL12-IL2 fusion 
protein and the mixture of KS-IL12 and KS-IL2 were about equally effective: five of 
eight mice were cured in each group by day 25. However, in the mice that were not 
cured, five of six tumors began to grow at a rate characteristic of tumors in untreated 
animals, with an effective delay of about 14 to 21 days. This is in contrast to tumors in 
immune-proficient mice in Example 8: even when tumors were not completely 
eliminated by treatment with KS-IL12-IL2, the tumors did not begin to grow aggressively 
until about 60 days after the beginning of the experiment. 

These experiments demonstrate that a multiple-cytokine antibody fusion protein 
can be used to treat cancer in an immunosuppressed animal. 
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Example 10. Treatment of lung carcinoma by intratumoral injection of a multiple 
cytokine fusion protein: comparison with treatment by individual immunocytokines 

To address the effectiveness of multiple cytokine fusion proteins and 
immunocytokines carrying single cytokine moieties against a lung cell-derived cancer, 
the following experiment was performed. 

Lewis Lung Carcinoma (LLC) is an aggressive tumor derived from C57BL/6 
mice. An LLC cell line expressing the human EpCAM protein was constructed by 
standard genetic engineering techniques; the cell line was termed LLC/KSA. 

C57BL/6 mice with subcutaneous LLC/KSA tumors were generated as described 
in Example 8 (check # of cells with KML). Four groups of 5 mice each, bearing tumors 
of about 100 to 200 cubic millimeters, were treated by intratumoral injection for five 
days. Mice were injected with PBS, about 20 micrograms of KS-IL12, about 20 
micrograms of KS-IL12, or about 20 micrograms of KS-IL12-IL2. 

Results are shown in Figure 13. In this case, the KS-IL12-IL2 fusion protein was 
much more effective than either KS-IL12 or KS-IL2. In all of the mice treated with the 
KS-IL12-IL2 fusion protein, the tumors disappeared by day 27. On day 74, these mice 
were used in a lung metastasis assay as described in Example 14; the original 
subcutaneous tumors did not reappear in the intervening period or during the second 
experiment. In contrast, treatment with either KS-IL2 or KS-IL12 resulted in some 
apparent tumor shrinkage and a significant delay in tumor growth, but the tumors did 
eventually grow. A comparison of the results in this example and previous examples 
indicates that, for certain diseases and modes of administration, treatment with a mixture 
of immunocytokines carrying different cytokine moieties is superior to treatment with a 
single type of immunocytokine. 

Example 12. Treatment of lung carcinoma by intratumoral injection of a multiple 
cytokine fusion protein: comparison with treatment by a mixture of immunocytokines 

To address the effectiveness of multiple cytokine fusion proteins and mixtures of 
immunocytokines carrying different cytokine moieties against a lung cell-derived cancer, 
the following experiment was performed. 
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C57BL/6 mice with subcutaneous LLC/KSA tumors were generated as described 
in Example 1 1. Three groups of 7 mice each, bearing tumors of about 100 to 200 cubic 
millimeters, were treated by intratumoral injection for five days. Mice were injected with 
PBS, a mixture of about 18 micrograms of KS-IL12 and about 1 1.5 micrograms of KS- 
IL12, or about 20 micrograms of KS-IU2-IL2.. . 

Results are shown in Figure 14. In this case, the KS-IL12-IL2 fusion protein was 
much more effective than the mixture of KS-IL12 and KS-IL2. In all of the mice treated 
with the KS-IL12-IL2 fusion protein, the tumors disappeared by day 27. In contrast, 
treatment with the mixture of KS-IL 12 and KS-IL2 resulted in some apparent tumor 
shrinkage and a significant delay in tumor growth, but all of the tumors in this treatment 
group did eventually regrow. 

Example 13. Antigen-dependence of anti-tumor activity of a multiple cytokine-antibody 
fusionprotein 

To address the whether the effectiveness of a multiple cytokine-antibody fusion 
protein in treatment of a tumor was dependent on the tumor-specific expression of the 
antigen recognized by the antibody, the following experiment was performed. 

A set of seven C57BL/6 mice with subcutaneous LLC/KSA tumors and a second 
set of nine mice with tumors derived from the parental LLC cell line were generated as 
described in Example 1 1 . These two groups of mice, bearing tumors of about 100 to 200 
cubic millimeters, were treated by intratumoral injection for five days. Mice were 
injected with about 20 micrograms of KS-IL 1 2-IL2. 

Results are shown in Figure 15. In this case, the mice bearing the LLC/KSA 
tumors all were completely cured of their tumors. In contrast, only two of the mice 
bearing the LLC tumors were cured; the other LLC tumor-bearing mice all enjoyed a 
transient reduction in their tumor volumes, but their tumors eventually grew to large 
volumes. 

These results indicate that the recognition of the EpCAM surface antigen 
promotes the adherence of KS-IL 12-IL2 to the surface of LLC/KSA tumor cells, and the 
resulting immune response is enhanced. Some anti-tumor effect was observed against 
LLC-derived tumors as well; without wishing to be bound by theory, the antitumor effect 
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of KS-IL12-IL2 in this case may be due to the fact that the fusion protein was injected 
directly into the tumor and was therefore transiently localized to the tumor. 

Example 14. Generation of an immune memory against a tumor cell type 

■ The development of metastases is a major problem in treatment of cancer. To test 
whether treatment with a multiple cytokine antibody fusion protein could lead to 
formation of a long-lasting immune memory against a tumor cell type and could prevent 
the establishment of metastases, the following experiment was performed. 

Five C57BL/6 mice from Example 1 1 had been treated with KS-IL12-IL2, and 
had apparently been cured of their subcutaneous tumors. On day 74 relative to the 
initiation of treatment as described in Example 14, these five mice were injected i. v. with 
10 6 LLC/KSA cells. As a control, eight C57BL/6 mice were also injected i. v. with 10 6 
LLC/KSA cells. 

On day 28, the mice were sacrificed and the lungs were examined for metastases. 
The lungs of the eight control mice were 70% to 100% covered with metastases, with an 
average of 85% lung surface coverage. The mean lung weight for these mice was 0.86 
grams. In contrast, there were no metastases found on the surface of lungs from the five 
pre-treated mice, and the average lung weight was 0.28 grams, which corresponds to the 
weight of a normal mouse lung. These results indicated that the treatment of the original 
tumor cells resulted in a long-lasting immune memory against the tumor cells; this 
memory prevented the establishment of metastases of this tumor cell type. 

Table X. Protection of "regressed" mice from LLC-KS A pulmonary metastases 

Prior Treatment Metastatic Score Lung Weight (g) 

None 4, 4, 4, 4, 4, 4, 3, 3 0.88 +/- 0.27 

KS-IL12/IL2 0, 0, 0, 0, 0 0.27 +/- 0.03 

The average lung weight of the control group, without tumor, was 0.2 g. Metastatic 
scores are based on % surface coverage of fused metastatic nodules where 0 = no 
metastases; 1 = 1-25% coverage; 2 = 25-50% coverage; 3 = 50-75% coverage; and 4 = 
75-100% coverage 
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A second experiment to test for immune memory formation used six of the seven 
mice from Example 12 that had been injected with LLC/KSA tumor cells, had developed 
subcutaneous tumors, and had had those tumors disappear. Sixty-two days after the 
initiation of the" treatment in Example 12, six pre-treated mice and 10 naive, untreated 
C57BL/6 control mice were injected s. c. with 10 6 LLC cells. These cells do not express 
the human KS antigen, EpCAM. 

In the naive mice, the injected LLC cells formed tumors that grew at a rapid rate 
in all mice. In contrast, the tumors in the pre-treated mice grew much more slowly, and 
in one mouse, no subcutaneous tumor was detected. The results are shown in Figure 16. 
Because the human KS antigen, EpCAM, is not expressed on LLC cells, the immune 
response to the LLC cells was based on other antigens expressed by these cells. 

Example 15: Multiple cytokine fusion proteins as vaccines 

Multiple cytokine fusion proteins may be used as vaccines when fused to an 
antigen protein. The particular order of moieties from N-terminus to C-terminus, or 
whether the fusion protein is a single polypeptide chain or an oligomer, may vary 
depending on convenience of construction of the expressing pjlasmids. The protein may 
be administered by a variety of routes, such as intravenous, subcutaneous, intraperitoneal, 
and so on. Similarly, the dose and frequency of administration generally need to be 
empirically determined, as is standard practice for human vaccines and as is well known 
to those skilled in the art of vaccine development. 

For example, a fusion protein of the form antigen-IL-12-cytokine is administered 
to a mouse, where the cytokine in the fusion protein is a second cytokine different from 
IL-12. Control mice receive the same amount of antigen-cytokine, antigen-IL-12, or 
antigen alone. At various times during and/or after administration of the antigen fusion 
protein, blood samples are collected by retro-orbital bleeding and plasma is prepared and 
analyzed for the presence of antibodies directed against the antigen. It is found that 
antibodies are generated against the antigen. Moreover, the nature of the immune 
response to the antigen is characteristic of a Thl response. The antibody response is 
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stronger and the type of antibodies produced are different than in certain control 
immunizations. 

More specifically, a humanized antibody-murine IL-12-IL-2 fusion protein in 
PBS buffer, is injected into Balb/c mice intravenously (5 ^g/day x 5). Control mice 
. receive the same antibody, in the same amounts, but with no attached IL-12-IL-2. 
Neither injection solution contains any other type of adjuvant. On day 10, blood samples 
are collected into microcentrifuge tubes by retro-orbital bleeding and plasma is prepared 
by collecting blood samples in plastic tubes containing sodium citrate, followed by 
centrifugation at full speed in an Eppendorf tabletop microcentrifuge. ELISA plates 
(96-well) are coated with the humanized antibody protein, which contains the human 
constant region and is used to capture any mouse antibodies made in response to the 
immunization. After washing away unbound material, the bound mouse antibodies are 
detected with goat anti-mouse Fc antibody (Jackson ImmunoResearch) coupled to 
horse-radish peroxidase. Any bound antibodies could be directed to either the human 
constant regions or the variable region, both of which are shared between the humanized 
antibody and the fusion proteins. 

There is little or no reactivity to the humanized antibody without fused IL-12-IL- 
2. The fusion protein, on the other hand, induces a strong antibody response in the 
absence of exogenous adjuvants and despite the fact that the intravenous route of 
administration is highly unfavorable for inducing such responses, compared to either 
subcutaneous or intraperitoneal administration. Antibodies of the IgG2a isotype, which 
are typical of IL-12-enhanced responses, are seen in the antibody-IL-12-IL-2 injected 
group but riot the group injected with the humanized antibody. 

The immunogenicity of antigen-IL-12 multiple cytokine fusion proteins 
administered by various routes is tested by injecting a solution of the fusion protein (such 
as that described above) in PBS or other biocompatible buffer, or a known adjuvant such 
as Freund's incomplete or complete adjuvant. For example, single or multiple 
subcutaneous, intradermal or intraperitoneal injections can be given every two weeks. 
Alternatively, the fusion protein can be administered first by subcutaneous injection and 
then followed by intraperitoneal injection. Freund's adjuvant cannot be used for human 
use, due to the irritation at the injection site. Alternative adjuvants such as precipitates of 
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aluminum hydrokide (Alum) are approved for human use and can be used in the present 
invention. New organic chemical adjuvants based on squalenes and lipids can also be 
used for injections into the skiri. 

Example 16: Gene therapy with multiple cytokine fusion proteins 

The anti-cancer activity of multiple cytokine fusion proteins delivered by gene 
therapy methods was also demonstrated for treatment of lung cancer. Lewis Lung 
Carcinoma cells were stably transfected using the viral vector system described above 
(pLNCX-scIL-12-IL-2 or pLNCX-scIL-12 DNA transfected into the PA317 packaging 
cell line). These constructs encode a single-chain version of IL-12, in which the p35 and 
p40 subunits have been connected with a linker. Clones were selected in vitro using 
G418-containing medium, and clones stably expressing about 50 to 60 ng/ml of IL-12 
were identified by ELISA (R&D Systems). 

About lxlO 6 and about 5xl0 6 LLC cells expressing scIL-12 or scIL-12-IL-2 were 
injected s.c. into C57BL/6 mice and also into SCID mice. As a control, 2xl0 6 LLC cells 
were injected into C57BL/6 mice and also into SCID mice. The LLC cells expressing IL- 
12 form tumors that grow at about the same rate as tumors derived from LLC cells that 
have not been engineered to express cytokines. However, in both C57BL/6 mice and also 
in SCID mice, LLC cells expressing scIL-12-IL-2 either did not form subcutaneous 
tumors or formed tumors that subsequently shrank and disappeared (Figures 17 and 18). 

Example 1 7, Construction of multiple cytokine fusion proteins containing IL-4 and GM- 
CSF. 

The cytokines IL-4 and GM-CSF, when used in combination, are potent activators 
of dendritic cells. A multiple cytokine-antibody fusion protein containing IL-4 and GM- 
CSF activity was constructed as follows. The coding sequence for GM-CSF was fused 
in-frame to the 3' end of the KS-1/4 antibody heavy chain coding sequence, which was 
preceded by a leader sequence. In addition, the coding sequence for IL-4, including a 
leader sequence, was fused in-frame with a linker to the 5' end of the coding sequence for 
the mature KS-1/4 antibody light chain. 
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Specifically, to construct DNA encoding a fusion protein of murine IL-4 and the 
light chain of the KS-1/4 antibody, the murine IL-4 cDNA was adapted by PCR using the 
forward primer TCTAGACC ATG GGT CTC AAC CCC CAG C (SEQ ID NO:22), in 
which an Xbal site TCTAGA (residues 1-6 of SEQ ID NO:22) had been placed upstream 
of the translation initiation codon ATG, and the reverse primer C GGA TCC CGA GTA 
ATC CAT TTG CAT GAT GCT CTT TAG GCT TTC CAG G (SEQ ID NO:23), which 
contains a BamHI site GGA TCC (residues 2-7 of SEQ ID NO:23) immediately 3' to the 
TCG codon (anticodon CGA) encoding the C-terminal amino acid residue of murine IL- 
4. After cloning of the PCR fragment and sequence verification, the Xbal-BamHI 
fragment containing the murine IL-4 cDNA was ligated to an BamHI -Aflll 
oligonucleotide duplex encoding a flexible peptide linker rich in glycine and serine 
residues. The AMI end was in turn joined to an artificially placed Aflll site preceding 
the N-terminus of the mature KS-1/4 light chain. The DNA and protein sequences at the 
junctions resulting from the two ligations are given below. 

DNA; TCG GGA TCC GGA GGT TCA GGG GGC GGA GGT AGC GGC GGA 

Protein: (Ser) Gly Ser Gly Gly Ser Gly Gly Gly Gly Ser Gly Gly 

GGG GGC TCC TTA AGC GAG (SEQ ID NO : 24) 

Gly Gly Ser Leu Ser (Glu) (SEQ ID NO: 25) 

In this DNA sequence, GGATCC (residues 4-9 of SEQ ID NO:24) and CTTAAG 
(residues 48-53 of SEQ ID NO:24) are the two restriction sites BamHI and Aflll, 
respectively, used for reconstruction; TCG encodes the C-terminal serine residue of 
murine IL-4; GAG encodes the mature N-terminus of the KS-1/4 light chain; and the 
amino acid sequence of the GlySer-rich peptide linker is shown below the DNA 
sequence. Auxiliary sequences for high-level expression including strong promoters 
were placed appropriately around the DNA segments encoding both fusion polypeptides, 
using techniques described in previous examples and other standard techniques of 
molecular biology. 



The DNA sequences encoding the IL4-KS(light chain) and KS(heavy chain)-GM- 
CSF fusion proteins were transfected into NS/0 cells and the corresponding polypeptides 
were expressed at high levels. SDS-P AGE under reducing conditions showed a diffuse 
band at about 80 kD corresponding to the heavy chain-GM-CSF polypeptide and multiple 
bands at about 50kD corresponding to the IL4-light chain fusion. The appearance of 
diffuse and multiple bands were due to the variable glycosylation of IL-4 and GM-CSF, 
respectively. 

The subunits assembled into a disulfide-bonded tetrameric protein with a structure 
corresponding to the generic structure in Figure 3 G. This protein had the antigen-binding 
activity of KS-1/4, the ability to bind to Staph A protein via its Fc regions, and the 
cytokine activities of IL-4 and GM-CSF. IL-4 activity was measured by IL-4-dependent 
stimulation of tritiated thymidine incorporation in CTLL-2 cells. GM-CSF activity was 
measured by the GM-CSF-dependent stimulation of tritiated thymidine incorporation in 
32(D) GM cells. On a molar basis, the IL-4 activity and the GM-CSF activity of KS-IL4- 
GMCSF were similar to purified IL-4 and GM-CSF. 

A fusion of the cytokines IL-4 and GM-CSF, without associated antibody sequences, was 
constructed as follows. Murine IL-4 was cloned by PCR from RNA of murine spleen 
cells. The forward primer had the sequence TCTAGACC ATG GGT CTC AAC CCC 
CAG C (SEQ ID NO:26), in which an Xbal site TCTAGA (residues 1-6 of SEQ ID 
NO:26) was placed upstream of the translation initiation codon ATG, and the reverse 
primer had the sequence CGA TAT CCC GGA CGA GTA ATC CAT TTG CAT GAT 
GGT CTT TAG GCT TTC CAG G (SEQ ID NQ:27), which placed an EcoRV.site GAT 
ATC (residues 2-7 of SEQ ID NO:27) immediately 3' of the TCG codon (anticodon 
CGA) encoding the C-terminal amino acid residue of murine IL-4. After sequence 
verification, the Xbal-EcoRV fragment containing the muIL-4 cDNA with its native 
leader was ligated to the Smal-Xhol fragment containing muGM-CSF cDNA to give the 
following sequence at the junction of the fusion between muIL-4 and muGM-CSF: ATG, 
GAT TAC TCG TCC GGGATG GGA AAA GCA CCC GCC CGC (SEQ ID NO:28), 
where the C-terminal sequence of muIL4 and the N-terminal sequence of muGM-CSF are 
in bold, and the G ATG GG (residues 17-22 of SEQ ID NO:28) is the sequence resulting 
from the ligation of an EcoRV blunt end to a Smal blunt end. The resultant DNA 



encoding muIL4^muGMCSF was then cloned into an expression vector. The expressed 
protein was analyzed by SDS-PAGE and found to run as a diffuse band with an apparent 
molecular weight of 45 to 50 kD. On a molar basis, the IL-4 activity and the GM-CSF 
activity of IL4-GMCSF were similar to purified IL-4 and GM-CSF. 

Example 18. Construction of DNA encoding lymphotactin-KS-IL2 and ^expression of the 
lymphotactin-KS-lL2 protein, 

Chemokines are a distinct class of cytokines that are thought to form gradients 
and mediate chemotaxis of immune cells. In addition, like other cytokines, chemokines 
may induce expression of specific genes in target cells. One characteristic of chemokines 
is that the free N-terminus is often required for activity, which could place limits on the 
ways that fusion proteins could be constructed. 

A cytokine-antibody-cytokine fusion protein was constructed consisting of the 
cytokine lymphotactin, which is a chemokine, the antibody KS-1/4, and the cytokine IL- 
2. This fusion protein was tetrameric and comprised two different polypeptides. One 
polypeptide consisted of murine lymphotactin fused to the N-terminus of the heavy chain 
of the KS-1/4 antibody, followed by IL-2 at the C-terminus. The fusion of the KS-1/4 
heavy chain with IL-2 at the C-terminus, the "KS-IL2 heavy chain," has been described 
previously [Gillies et al. (1992) Proc. Natl. Acad. Sci. USA 89:1428]. The other 
polypeptide consisted of the light chain of the KS1/4 antibody. 

The complete coding sequence of murine lymphotactin was published by Kelner 
and Zlotnik (Science 266: 1395 [1998]). To construct DNA encoding a fusion protein of 
murine lymphotactin and the heavy chain of the KS-IL2, the murine lymphotactin cDNA 
was adapted by PCR using the forward primer rC7MG,4GCCACC ATG AGA CTT CTC 
CTC CTG AC (SEQ ID NO:29), in which an Xbal site TCTAGA (residues 1-6 of SEQ ID 
NO:29) was placed upstream of the translation initiation codon ATG, and the reverse 
primer GGA TCC CCC AGT CAG GGT TAC TGC TG (SEQ ID NO:30), which placed 
a BamHI site GGA TCC (residues 1-6 of SEQ ID NO:30) immediately 3' of the GGG 
codon (anticodon CCC) encoding the C-terminal amino acid residue of murine 
lymphotactin. After cloning of the PCR fragment and sequence verification, the Xbal- 
BamHI fragment containing the murine lymphotactin cDNA was ligated to an BamHI- 
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Aflll oligonucleotide duplex encoding a flexible peptide linker rich in glycine and serine 
residues. The Aflll end was in turn joined to an artificial Aflll site preceding the mature 
N-terminus of the KS-IL2 heavy chain. The DNA sequence at the junctions resulting 
from the two ligations is given below: 

Gly Ser Gly Gly Ser Gly Gly Gly Gly Ser Gly Gly Gly Gly Ser Leu 
CCC GGA TCC GGA GGT TCA GGG GGC GGA GGT AGC GGC GGA GGG GGC TCC TTA 

Ser (SEQ ID NO:32) 

AGC CAG (SEQIDNO:31) 

where GGATCC (residues 4-9 of SEQ ID NO:31) and CTTAAG (residues 48-53 of SEQ 
ID NO: 31) are the two restriction sites BamHI and Aflll, respectively, used for 
reconstruction; CCC encodes the C-terminal amino acid residue of murine lymphotactin; 
CAG encodes the mature N-terminus of the KS-IL2 heavy chain; and the amino acid 
sequence of the GlySer-rich peptide linker is shown above the DNA sequence. The DNA 
encoding the murine lymphotactin-KS-IL2 heavy chain was then cloned into an 
expression vector and then coexpressed with the KS1/4 light chain. 

The expressed lymphotactin-KS-IL2 fusion protein is tested for lymphotactin 
activity in a Boyden chamber migration assay using T cells (Leonard et al., [1999] 
Current Protocols in Immunology p. 6.12.3). Alternatively, NK cells are used. 
Alternatively, lymphotactin activity is observed in a standard cellular assay for calcium 
flux in response to the activation of a G-protein coupled receptor (Maghazachi et al., 
FASEB J. [1997];1 1:765-74.). In addition, the lymphotactin-KS-IL2 fusion protein is 
tested and found to be active in assays for the ability to bind to EpCAM and is also active 
in assays for IL-2 activity, such as the CTLL-2 cell proliferation assay. 

Incorporation by Reference 

All publications mentioned hereinabove are incorporated by reference into this 
application in their entirety. 



-55- 



Equivalents 



The invention may be embodied in other specific forms without departing 
from the spirit or essential characteristics thereof. The foregoing embodiments 
are therefore to be considered in all respects illustrative rather than limiting on the 
invention described herein. Scope of the invention is thus indicated by the 
appended claims rather than by the foregoing description, and all changes which 
come within the meaning and range of equivalency of the claims are therefore 
intended to be embraced therein. 
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